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PREFACE 


This  Lecture  Series  is  intended  to  address  the  advances  in  strapdown  inertial  system 
technology  during  the  last  five  years.  Areas  that  are  addressed  include  advances  in 
strapdown  instruments  and  computational  algorithms  and  the  application  to  commercial 
aircraft,  remotely  piloted  vehicles,  flight  controls,  instrumentation,  and  navigation  problems 
in  general.  This  provides  one  document  which  covers  the  present  state-of-the-art  in 
strapdown  systems  technology. 


The  material  in  this  publication  was  assembled  to  support  a  Lecture  Series  under  the 
sponsorship  of  the  Guidance  and  Control  Panel  and  the  Consultant  and  Exchange  Programme 
ofAGARD. 
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ADVANCES  IN  STRAPDOWN  INERTIAL  SYSTEMS  - 
INTRODUCTION  AND  OVERVIEW 


George  T.  Schmidt 

Leader,  GiN  Advanced  Programs  Division 
The  C.S.  Draper  Laboratory,  Inc.,  Cambridge,  MA,  U.S.A. 


SUMMARY 

This  Lecture  Series  is  intended  to  present  the  significant  advances  in  strapdown  in¬ 
ertial  system  technology  since  the  last  Lecture  Series  (No.  95)  in  1978  on  the  subject. 
Areas  that  will  be  addressed  in  the  Lecture  Series  include  advances  in  strapdown  instru¬ 
ments  and  computational  algorithms  and  the  applications  to  commercial  aircraft,  remotely 
piloted  vehicles,  flight  controls,  instrumentation,  and  navigation  problems  in  general. 
This  introductory  paper  will  give  an  overview  of  these  lectures. 

1.  INTRODUCTION  / 

In  June  and  October  of  1978,  an  AGARD  Lecture  Series  (No.  95 ) 1  on  strapdown  inertial 
system  technology  was  held  in  seven  NATO  countr ies^rhis  present  Lecture  Series  (No.  133) 
is  again  sponsored  by  the  Guidance  and  Control  -Panel  of  AGARD  whose  members  felt  it  was 
timely  to  review  the  state-of-the-art  in  strapdown  systems.  The  intent  of  this  lecture  is 
to  provide  some  overall  background  and  introductory  material  and  an  overview  of  the 
following  lectures. 

Traditionally,  Inertial  navigation  systems  have  been  categorized  into  (1)  thjse  that 
enpioy  gimbals  to  Isolate  the  inertial  instruments  from  some  vehicle  motions,  (2)  those 
that  mount  (or  strapdown)  the  inertial  instruments  directly  to  the  vehicle  and  (3). others 
where  the  gimbals  may  be  replaced  by  a  fluid  or  where  the  system  may  be  partially 
strapped-down  and  partially  gimbaled.  Figure  1  illustrates  some  applications  of  these 
types.  A  brief  description  of  types  (1)  and  (2)  follows. 


INERTIAL  SYSTEM  TYPE 

Clmbal 

F-iS,  P-16 

ALUM 

Strapdown 

737,  757,  767 

HRASH 

Other 

Peacemaker  (MX) 

Reentry  Vehicles 

Figure  1.  Typical  Inertial  System  Applications 


In  Inortlal-platform  gimbal  mechanizations,  the  gyroscopes  mounted  on  a  stable  plat¬ 
form  measure  angular  rates,  and  global-drive  systems  can  use  the  angular-rate  information 
to  null  the  angular  notion  sensed  by  the  gyroscopes.  In  this  manner,  the  gyroscopes  and 
accelerometers  on  the  stable  platform  are  inertially  stabilized  from  the  vehicle  motion, 
and  the  stable  member  physically  represents  an  inertial  reference  frame.  Uy  double  inte¬ 
gration  of  the  specific-force  indications  from  the  accelerometers,  with  a  correction  for 
gravity,  position  determination  la  possible.  Figure  2  Illustrates  this  approach. 
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Gimbal  systems  provide  a  good  dynamic  environment  for  inertial  instruments, 
particularly  in  severe  angular  oscillatory  cases,  since  the  gimbals  isolate  the  gyros  from 
the  environment.  In  fact,  the  state-of-the-art  is  such  that  navigation  performance  of 
gimbal  systems  can  approach  almost  error-free  instrument  operation  to  the  point  where 
uncertainties  in  the  knowledge  of  the  gravity  field  become  the  dominant  sources  of 
navigational  error. 

In  strapdcwn  inertial  systems,  the  sensors  are  mounted  directly  (or  perhaps  with 
vibration  isolators)  to  the  vehicle.  Inertial-sensor  outputs  new  represent  specific  force 
and  angular  rate  with  respect  to  inertial  space  coordinatized  in  vehicle  body  axes. 
Therefore,  to  maintain  an  inertial  reference  frame,  a  computer-generated  transformation- 
matrix  algorithm  between  body  and  inertial  frames  must  be  used  to  process  the  gyro  outputs 
as  the  vehicle  moves  and  its  orientation  changes.  Then,  the  accelerometer  information 
must  be  transformed  from  the  body  frame  to  the  inertial  reference  frame.  Figure  3  illus¬ 
trates  this  mechanization.  Other  reference  frames,  such  as  local  vertical,  may  also  be 
used  for  navigation.'1' 
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Figure  3.  strapdown  System  Computing  in  Inertial  Coordinates 


In  addition  to  the  added  computations  of  a  strapdown  system,  the  inertial  sensors 
require  a  Urge  dynamic  range.  They  are  now  subjected  to  the  entire  vehicle  dynamic 
environment  and,  in  general,  will  not  perform  as  well  had  they  been  isolated  from  it. 

Much  of  the  worn,  in  fact,  on  laser  gyros  (to  be  discussed  in  following  papers)  stems  from 
their  reputed  insensitivity  to  dynamically  Induced  errors,  although  single-degree-of- 
froodom  gyros,  tuned-rotor  two-degree -of -freedom  gyros,  and  other  gyros  have  had  strapdown 
applications. 

Strapdown  systems  are  of  interest  for  all  but  the  most  demanding  performance  mis¬ 
sions  since  elimination  of  the  gimbals  could  possibly  result  in  easier  maintenance,  less 
cost,  and  perhaps  improved  reliability.  If  aided-inertial  systems  such  as  Global  Posi¬ 
tioning  System  (GPS) -inertial  are  considered,  performance  differences  between  gimbal  and 
strapdown  systems  are  even  less.  The  increased  computational  requirements  of  strapdown 
aystsms  appear  leas  Important  with  each  advance  in  computer  technology.  Furthermore,  the 
•  strapdown  instruments'  outputs  are  in  body  coordinate*,  which  is  desirable  for  autopilot 

functions.  Since  1970,  a  new  generation  of  commercial  aircraft  (757,767),  tactical 
missiles  (HRASM)  and  other  systems  have  committed  to  the  use  of  strapdown  inertial  sys¬ 
tems.  Consequently,  much  interest  and  ongoing  activity  exists  in  strapdown  sensor  and 
system  development,  and  thin  Lecture  Series  has  been  motivated  by  these  activities. 

a.  ovewuN  or  we  lkcturks* 

The  first  two  lectures  are  by  Hr.  P.  Savage.  His  tirst  paper  on  strapdown  senaor 
advances  will  update  his  strapdown  sensor  paper  presented  in  AGAHO  Lecture  Series  95. 
Principle  areas  to  be  addressed  In  strapdown  gyro  technology  will  be  the  state-of-the-art 
is  floated  rate  integrating  and  tuned-rotor  strapdown  gyros}  performance  advances  in  laser 
gyros}  special  design  considerations  associated  with  mechanical  dither}  square  versus  tri¬ 
angular  lasor  gyros*}  the  state-of-the-art  in  multi -oscillator  and  magnetic  mirror  laser 
gyros}  present  and  projected  application  areas  for  laser  gyros  related  to  size,  perfor¬ 
mance,  and  cost}  the  theory  of  operation  and  state-of-the-art  in  fiber  optics  laser  inter¬ 
ferometer  rate  sensor  technology}  and  the  fundamental  distin  lions  between  the  laser  gyro 
and  interferometer  rate  sensor.  Basic  areas  to  be  addressed  in  strapdown  accelerometer 
technology  will  be  performance  advances  In  pendulous  accelerometers,  and  the  theory  of 
operation  and  state-of-the-art  In  vibrating  beam  accolerouwter  technology. 


•Presentation  of  these  loctur  os  it,  ae  of  this  writing  (2/84) ,  still  subject  to  roview 

by  fch*  mlinml  ant hnr 1 t ion.  


His  second  paper  on  st.apdown  system  algorithms  will  address  the  attitude  determina¬ 
tion,  acceleration  transformation,  and  attitude/heading  output  computational  operations 
used  in  modern-day  strapdown  inertial  navigation  systems  and  the  contemporary  iterative 
algorithms  for  implementing  these  operations  in  real-time  computers.  The  emphasis  will 
be  on  two-speed  algorithms  in  which  coning  and  sculling  vibration  induced  effects  are 
handled  by  simplified  high  speed  algorithms  with  results  fed  into  lower  speed  higher-order 
attitude  updating/acceleration  transformation  algorithms.  Design  equations  will  be  pre¬ 
sented  for  evaluating  the  performance  of  the  strapdown  computer  algorithms  as  a  function 
of  computer  execution  speed  and  sensor  assembly  vibration  anplitude/frequency /phase  en¬ 
vironment.  Direction  cosine  and  quaternion  based  algorithms  will  be  described  and  compar¬ 
ed  for  accuracy  and  computer  loading  in  light  of  modern  day  algorithm  capabilities  for 
overall  strapdown  operations.  Orthogonality  and  normalization  operations  will  be  address¬ 
ed  for  potential  attitude  algorithm  accuracy  enhancement  including  a  discussion  on  the 
question  of  need  for  such  algorithms,  potential  pitfall3  if  used,  and  tradeoffs  for  direc¬ 
tion  cosine  matrix  row  versus  column  orthogonality/normalization  control.  The  section  on 
attitude  data  output  algorithms  (i.e.,  Euler  angle  extraction)  will  include  a  discussion 
on  roll/yaw  output  algorithms  near  high/lcw  pitch  angle  conditions. 

The  next  lecture  by  Hr.  P.  Fenner  will  describe  the  application  of  laser  strapdown 
technology  to  commercial  aircraft.  Background  will  be  provided  on  design  requirements  and 
design  synthesis.  Specific  application  of  the  Honeywell  laser  Inertial  Reference  System 
(IRS)  will  be  described  for  the  Boeing  737,  757,  and  767  commercial  airplanes.  Redundan¬ 
cy,  safety,  and  reliability  considerations  will  be  described  along  with  the  highly  inte¬ 
grated  aspects  of  the  system  design.  A  review  will  be  given  of  the  IRS  architecture,  per¬ 
formance,  requirements,  operation  modes,  and  a  top  level  description  of  the  processing  al¬ 
gorithms.  The  test  program  and  methodology  employed  by  both  Boeing  and  Honeywell  to  en¬ 
sure  the  system  design  satiaifled  all  performance  requirements  and  that  the  software  was 
exhaustively  verified  and  validated  prior  to  initiation  of  flight  testing  will  be  describ¬ 
ed.  A  special  flight  test  program  conducted  in  cooperation  with  American  Airlines  to 
obtain  navigation  performance  data  to  support  the  use  of  the  IRS  as  a  certified  long  range 
navigation  system  will  be  described  along  with  the  teat  results.  The  results  of  the  Boe¬ 
ing  flight  program  with  7S7  and  767  airplanes  will  also  be  described  as  well  as  unique 
problems  that  were  encountered.  In-service  experience,  both  KT8F  and  performance,  will  be 
provided  from  the  first  yoar  of  air-line  experience.  These  results  will  show  the  "payoff* 
from  laser  strapdown  technology  is  substantially  better  than  predicted. 

The  following  lecture  by  Mr.  R.  Acker  will  describe  GNfcC  for  remotely  piloted 
vehicles.  Major  system  elements  includet  an  on-board  computer,  strapdown  inertial  sen¬ 
sor,  air  data  sensor,  data  link,  flight  control,  propulsion  control,  and  payload  control. 
His  paper  will  concentrate  on  the  system  architecture,  design  tradeoffs,  error  sources  and 
digital  processing  techniques  utilized  to  tie  together  these  major  systems  to  meet  RPV  re¬ 
quirements.  Inertial  sensor  error  sources  and  accuracy  will  be  related  to  mission  re¬ 
quirements  with  respect  to  payload  pointing,  data  link  acquisition  sfter  loss,  silent  run 
periods,  and  flight  control.  Techniques  for  use  of  the  air  data  system  information  will 
be  described  and  evaluated  for  expanding  mission  flexibility.  The  Kalman  filter  utilized 
in  the  onboard  computer  to  process  inertial,  data  link,  and  air  data  system  data  will  be 
described  with  emphasis  on  the  relationship  between  system  error  sources,  filter  com¬ 
plexity,  and  mission  performance  parameters.  Data  link  parameters,  their  need  and  accura¬ 
cy  requirements  with  respset  to  mission  performance  will  be  quantatively  evaluated.  The 
onboard  computer  software  will  be  described  with  respect  to  functions  and  their  time  and 
aemery  loading  per  function.  Results  of  16  flight  testa  will  tie  presented  and  compared  to 
simulation  data  for  mission  effectiveness  determination  and  assessment  of  ability  to  pre¬ 
dict  performance.  The  remaining  flight  test  program  and  objectives  will  be  reviewed. 

With  perspective  gained  from  the  design  pha  and  a  flight  test  program  the  effectiveness 
of  the  digital  control  technique#  employed  will  be  evaluated  and  future  trends  projected. 

The  next  paper  by  Hr.  J.  Hichelln  and  Hr.  Sennevtlle  will  describe  the  application 
of  a  atrapdown  system  to  tactical  missiles  and  builds  upon  an  application  presented  in 
Lecture  Series  Ho.  95.  A  mats  unbalanced  rate  gyro  which  also  provider  specific  force 
measurements,  a  totally  computerized  system,  and  an  optimal  data  processing  system  are 
some  of  the  features  described.  The  test  methods  and  reaults  of  a  prototype  system  are 
also  described. 

The  following  lecture  by  Hr.  J.  Gilmore  will  describe  the  Low-cost  Inertial  Guidance 
System  (LCIUS)  which  it  a  modular  strapdown  implementation  of  attitude  (gyro)  and  velocity 
(accelerometer)  axes  that  permits  the  interchangeable  use  of  different  manufacturer *s  ins¬ 
truments  without  affecting  the  system's  electronic  or  mechanical  interfaces  or  processing 
software.  This  design  flexibility  is  made  possible  by  the  use  of  microprocessors  for  pro¬ 
cessing  and  control.  The  microprocessors  are  embedded  in  each  module  end  five  are  used: 
one  per  accelerometer  triad,  one  each  per  gyro  module,  and  one  in  the  service  module,  the 
processors  effect  on-line  digital  torquing  control  of  the  gyros,  active  instrument  error 
model  compensation,  including  modeling  Cor  temperature  senaivitlty  effects,  temperature 
control,  self-testing,  etc.  Adaptation  of  processing  and  calibration  algorithms  to 
accommodate  for  instrument  changes  or  sensed  environmental  variations  is  achieved  through 
the  use  of  an  alterable  read-only  data  base  that  may  be  updated  by  the  LCICS  support 
equipment  as  required  at  calibrations  or  upon  an  instrument  replacement.  This  data  base 
ta  accessed  by  the  microprocessors  and  used  to  compute  coefficient  corrections  for  the 
processing  algorithms.  Ths  system  architecture  is  presented  and  the  microprocessor  soft¬ 
ware  partitioning  and  functions  are  described. 


The  next  paper  presented  by  Mr.  D.  Sebring  will  describe  the  Multifunction  Flight 
Control  Reference  System  (MFCRS)  program.  The  MFCRS  program  uses  two  highly  modified  ring 
laser  gyro  navigation  units  developed  by  Honeywell  Inc.  to  perform  the  flight  control  re¬ 
ference  and  navigation  functions  onboard  a  F-15  fighter  aircraft.  The  two  units  are  sepa¬ 
rated  by  nine  feet  to  provide  survivability  and  one  is  skewed  with  respect  to  the  other  to 
provide  required  redundant  inertial  information.  Technical  information  on  the  actual 
flight  control  and  redundancy  management  designs,  including  the  unique  electronic  align¬ 
ment  procedure,  will  be  given.  Appropriate  data  from  the  flight  control  analyses,  man-in- 
the-loop  simulation,  redundancy  management  Monte  Carlo  simulations,  and  laboratory  tests 
will  also  be  included  to  substantiate  the  design. 

A 

V 

The  final  lecture  presented  by  Mr.  W.  Hassenpflug  and  Dr.  Kleinschmidt  describes  the 
initial  alignment  and  augmentation  of  a  strapdown  attitude  and  heading  system.  The 
analytical  basis,  system  hardware  description,  and  comparison  between  simulation  and 
flight  test  results  is  presented.  Techniques  for  possible  system  improvements  are  also 
described. 

3.  CONCLUDING  REMARKS 

The  intent  of  this  Lecture  Series  is  to  provide  an  up-to-date  overview  of  strapdown 
inertial  system  technology.  To  that  end,  lectures  on  components,  algorithms,  and  systems 
are  presented.  The  reader  has  in  this  one  document  a  set  of  papers  summarizing  many  of 
the  present  interesting  applications  of  strapdown  inertial  technology.  In  addition,  a  de¬ 
tailed  bibliography  of  references  published  during  the  last  few  years  appears  at  the  end. 
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SUMMARY 

^  This  paper  reviews  the  advances  that  have  taken  place  in  strapdown  sensor  technology 
since  1973.  It  is  intended  as  an  update  to  the  paper  on  strapdown  Sensors  presented  as  part 
of  AGARD  Lecture  Series  95  in  1978  ^-iTr-^Principal  areas  addressed  in  strapdown  gyro 
technology  are  the  state-of-the-art  in  mainstream  floated  rate-integrating  and  tuned-rotor 
strapdown  gyros,  performance  advances  in  laser  gyros,  special  design  considerations 
associated  with  mechanically  dithered  laser  gyros,  the  state-of-the-art  in  magnetic  mirror 
and  multioscillator  laser  gyros,  present  and  projected  application  areas  for  laser  gyros 
related  to  size,  performance  and  cost,  the  theory  of  operation  and  state-of-the-art  in 
fiber-optic  rate  sensor  technology,  and  the  fundamental  distinctions  between  the  laser  gyro 
and  fiber-optic  rate  sensor.  Basic  areas  addressed  in  strapdown  accelerometer  technology 
are  performance  advances  in  pendulous  accelerometers,  and  the  theory  of  operation  and 
state-of-the-art  in  vibrating  beam  accelerometer  technology. 

V' 

1.  INTRODUCTION 

The  state-of-the-art  in  strapdown  sensor  technology  has  advanced  considerably  since 
1978,  partieulary  in  the  higher  accuracy  performance  categories.  Ring  laser  gyros  designed 
by  several  manufacturing  groups  have  demonstrated  their  ability  to  meet  the  requirements  for 
1  nmph  inertial  navigation.  Laser  gyroB  are  now  in  operational  use  on  several  major 
aircraft  programs,  and  have  demonstrated  reliabilities  in  the  field  that  are  exceeding  user 
goals.  Advanced  development  programs  have  been  initiated  to  extend  the  performance 
capabilities  of  the  ring  laser  gyro  into  the  class  needed  for  0.1  nmph  navigation. 

Conventional  floating  rate-integrating  and  tuned-rotor  gyro  technology  has  been 
increasingly  applied  in  the  moderate  to  low  performance  strapdown  areas.  These  instruments 
continue  to  provide  a  good  alternative  to  the  ring  laser  gyro  in  applications  requiring 
small  size  and  low  cost,  where  lower  performance  is  acceptable.  A  new  optical  rate  sensor 
technology  based  on  the  use  of  fiber-optics  has  emerged  over  the  past  few  years  as  a  lower 
cost/reduced  performance  alternative  to  the  ring  laser  gyro.  Simultaneously,  ring  laser 
gyro  development  activities  have  been  directed  at  cost  and  size  reduction  to  extend  its 
applicability  range  into  the  moderate  performance  areas. 

Strapdown  accelerometer  technology  continues  to  be  principally  based  on  the  pendulous 
electrically  servood  accelerometer  design  approach.  Design  refinements  since  1978  have 
upgraded  the  performance  of  this  instrument  and  somewhat  reduced  its  cost.  It  continues  to 
remain  compatible  in  cost  and  performance  with  requirements  in  most  strapdown  application 
areas  (in  proportion  to  the  cost  of  the  gyro  and  computing  elements  that  are  also  contained 
in  a  strapdown  system).  To  meet  cost  targets  for  the  future,  a  vibrating  beam  accelerometer 
technology  is  being  developed  as  a  lower  cost  alternative  to  the  pendulous  accelerometer. 

This  paper  reviews  each  of  the  instruments  discussed  above,  with  emphasis  on  the  per¬ 
formance  capabilites,  problem  areas,  and  applications  where  they  have  been  used  or  planned 
for  use  since  1978.  For  each  instrument,  a  brief  discussion  is  also  included  which 
describes  its  principal  of  operation.  Analytical  descriptions  and  detailed  design  consid¬ 
erations  for  the  floated  rate-integrating  gyro,  tuned-rotor  gyro,  ring  laser  gyro,  and 
pendulous  accelerometer  have  been  provided  in  the  AGARD  Lecture  Series  95  paper  on  Strapdcwn 
Sensors  (1),  and  are  not  repeated  here.  Error  characteristics  for  the  fiber-optic  rate 
sensor  and  vibrating  beam  acceleromete"  are  presented,  but  from  a  qualitative  standpoint, 
because  the  performance  characteristics  of  these  devices  have  not  been  sufficiently  dis¬ 
closed  in  the  open  literature  to  allow  detailed  accurate  analytical  modeling  that  accounts 
for  the  important  critical  error  sour col,  particularly  those  that  are  environmentally 
induced  and  which  change  over  time  and  operating  aycles. 

A  generalized  error  budget  is  also  provided  for  reference  at  the  beginning  of  the  paper 
which  attempts  to  define  typical  gyro  and  aoaelerometer  performance  requirements  for  four 
types  of  strapdown  inertial  systems. 
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2.  SENSOR  PERFORMANCE  REQUIREMENTS 

1  »nn..f».ny  iraqnt  vamawf  a  tnr  qtrandrmn  Bensors  in  fOUf  application 


areast  the  classical  1  nmph  inertial  navigator,  a  higher  performance  advanced  0.1  nmph 
inertial  navigator,  a  lower  performance  strapdown  attitude  heading  reference  system  (AHR8), 
and  a  still  lower  performance  tactical  missile  midcourse  guidance  system.  The  performance 
categories  depicted  in  Table  1  are  considered  typical  for  most  strapdown  sensor  applications 
today  and  in  the  immediate  future.  Table  1  should  be  used  as  a  reference  to  categorize 
typical  sensor  performance  requirements  during  discussions  on  individual  sensor 
capabilities. 


TABLE  1  -  TYPICAL  STRAPDOWN  SENSOR  PERFORMANCE  REQUIREMENTS 


Performance  Parameter 

0.1 

nmph 

INS 

1.0 

nmph 

INS 

AHRS 

Tactical 

Missile 

Midcourse 

Guidance 

Gyro  Bias  Uncertainty  (deg/hr) 

0.001 

0.01 

1. 0(0.1) 
to  10 

*  5  to  30 

Gyro  Random  Noise  (deg/hr*!)** 

0.005 

0.002 

0.01 

0.1 

Gyro  Scale-Factor  Uncertainty  (ppm) 

1 

5 

200 

1000 

Gyro  Alignment  Uncertainty  (arc  sec) 

1 

2 

200 

300 

Accelerometer  Bias  Uncertainty  (ug) 

10 

40 

1000 

1000 

Accelerometer  Scale-Factor 
Uncertainty  (ppm) 

50 

200 

1000 

1000 

Accelerometer  Alignment  Uncertainty (sec)  2 

7 

200 

300 

Accelerometer  Bias  Trending  (Ug/eee) 

0.003 

0.01 

NA(0.1)*  NA 

*  For  AHRS  with  an  earth  rate  gyro-compass  heading  determination 
requirement,  other  figure  shown  is  for  AHRS  with  heading 
slaved  to  magnetic  flux  heading  detector. 

*+  This  error  eouroe  ie  a  characteristic  principally  of  laser  gyros. 


3,  SINGLe-DEGRBE*OP-PREEDON  FLOATED  RATE- INTEGRATING  GYRO 

Ths  floatsd  rate-integrating  gyro  (1,  4,  S)  pictured  schematically  in  Pigure  1  is  ths 
gyro  with  the  longest  production  history  and  ie  the  original  high-accuracy  gimbaied-platform 
gyro.  The  device  consists  of  a  cylindrical  hermetically  sealed  momentum-whael/tpinmotor 
assembly  (float)  contained  in  a  cylindrical  hermetically  sealed  case.  The  float  ie  inter¬ 
faced  to  the  case  by  a  precision  suspension  assembly  that  is  laterally  rigid  (normal  to  the 
cylinder  axle)  but  allows  ufrictionlesaH  angular  movement  of  the  float  relative  to  the  case 
about  the  cylinder  axis.  The  cavity  between  the  case  and  float  is  filled  with  e  fluid  that 
serves  the  dual  purpose  of  suspending  the  float  at  neutral  buoyancy,  and  providing  viscous 
damping  to  resist  relative  float-case  angular  motion  about  the  suspension  axis. 

A  ball-beering  or  gae-bearing  synchronous-hysteria  epinmotor  is  utilised  in  the  float  to 
maintain  constant  rotor  epinepeed,  hence  constant  float  angular  momentum.  A  signal- 
generator  /pi ckoff  provides  an  electrical  output  signal  from  the  gyro  proportional  to  the 
angular  displacement  of  the  float  relative  to  the  case.  An  electrical  torque  generator 
provides  the  capability  for  applying  known  torquee  to  the  flout  about  the  suspension  axis 
proportions!  to  an  applied  electrical  input  current.  Delicate  flex  leads  are  used  to 
transmit  electrical  signals  and  power  between  the  case  and  float. 

Under  applied  angular  rates  about  the  input  axle,  the  gyro  float  develops  a  preceseional 
rate  about  the  output  axis  (rotation  rate  of  the  angle  sensed  by  the  signal-generator /pick- 
off,  see  Figure  1).  The  plckoff-angle  rate  generates  a  viscous  torque  on  the  float  about 
the  output  axle  (due  to  the  damping  fluid)  which  sums  with  the  electrically  applied 
torque-generator  torque  to  precess  the  float  about  the  input  axis  at  ths  gyro  input  rate. 

The  ptckoff-r.ngle  rate  thereby  becomes  proportional  to  the  difference  between  the  Input  rate 
and  the  torque-generator  preceseional  rate,  hence,  the  plckoff  angle  becomes  proportional  to 
the  integral  of  the  difference  between  the  input  end  torque-generator  rates. 
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To  operate  the  gyro  in  a  strapdown  mode,  the  pickoff  angle  is  electrically  servoed  to 
null  by  the  torque  generator  which  is  driven  by  the  signal -genera tor /pickoff  output  (through 
suitable  compensation  and  amplifer  electronics).  The  time  integral  of  the  difference 
between  the  input  and  torque-generator  processional  rates  is  thereby  maintained  at  zero,  and 
the  integral  of  the  torque-generator  rate  becomes  proportional  to  the  integral  of  the  input 
rate.  Thus,  the  integral  of  the  torque-generator  electrical  current  provides  a  measure  of 
the  integral  of  input  rate  for  a  rate-gyro  strapdown  inertial  navigation  system. 


P.  ,  ,.  t  . 
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Figure  1  -  Singlo-d*gree-of -freedom  floated  rate-integrated  gyro  concept. 


3.1  Performance  And  Application  Areas 

Application  areas  for  the  strapdown  floated  rate-integrating  gyro  (RIO)  have  been 
primarily  in  the  lower  performance  (5  to  30  deg/hr  bias  accuracy)  areas  where  small-sice  low 
angular  momentum  units  ms.  '■  performance  requirements,  and  costs  are  corapetetive  with  alterna¬ 
tive  gyro  mechanisation  epp.  voltes  (e.g.,  the  tuned-rotor  gyro).  The  floatation  fluid  sus- 
ponsion  in  the  RIO  makes  the  device  extremely  rugged,  hence,  provides  a  natural  suitability 
to  those  lower  performance  application  areaa  where  high  vibrations  and  shock  are  prevalent. 

low  coet  tactical  missile  mldoonrae  inertial  guidance  has  been  a  continuing  application 
area  for  the  etrapdown  RIO.  Standard  Hiseile-2,  Harpoon,  Phoenix,  and  recently  AMRAAM,  are 
examples  of  tactical  mieaiie  systems  that  incorporate  strapdown  RIO's  for  midcourse  guidance 
and  stabiiitation/controi.  Strapdown  RXO's  have  also  been  used  in  acme  applications  to 
implement  a  short  term  navigation  reference  between  updates  from  a  higher  accuracy  navi¬ 
gation  device.  Examples  am  motion  compensation  for  airborne  radar  systems  (using  the  air¬ 
craft  IRS  ee  the  "outer-loop"  reference),  and  to  generate  short  term  navigation  data  between 
precision  radio  navigation  position  fixes  tor  aircraft  test  instrumentation  purposes  (a.g., 
ACMR  Air  Combat  Maneuvering  Range). 

Higher  performance  application  areas  for  the  strapdown  RIG  have  remained  limited  due  to 
their  higher  coet  for  comparable  performance  compared  to  the  strapdown  tuned-rotor  or  ring 
laser  gyros . 


4.  TUNED- ROTOR  GTRO 

The  tuned-rotor  gyro  (1,  6,  7,  e,  10)  ia  the  most  advanced  gyro  in  large-scale 
production  today  for  aircraft  1-nmi/hr  oimbaled  platforms.  Due  to  its  simplicity  (compared 
to  the  floated  rate-integrating  gyro),  tha  tuned-rotor  gyro  is  theoretically  lower  in  coet 


and  more  reliable.  A  drawing  of  a  representative  tuned-rotor  gyro  is  presented  in  Figure  2. 
Figure  3  is  a  schematic  illustration  of  the  gyro  rotor  assembly. 

The  gyro  consists  of  a  momentum  wheel  (rotor)  connected  by  a  flexible  gimbal  to  a 
case-fixed  synchronous-hysteresis  ball-bearing  spinmotor  drive  shaft.  The  gimbal  is 
attached  to  the  motor  and  rotor  through  members  that  are  torsionally  flexible  but  laterally 
rigid.  A  two-axis  variable-reluctance  signal-generator /pickoff  is  included  that  measures 
the  angular  deviation  of  the  rotor  (in  two  axes)  relative  to  the  case  (to  which  the  motor  is 
attached).  Also  included  is  a  two-axis  permanent-magnet  torque  generator  that  allows  the 
rotor  to  be  torqued  relative  to  the  case  on  current  command.  The  torquer  magnets  are 
attached  to  the  rotor,  and  the  torquer  coils  are  attached  to  the  gyro  case. 


STOP 


Figure  2  -  Typical  tuned-rotor  gyro  configuration. 
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Figure  3  -  Tuned-rotor  gyro  rotor  assembly. 
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As  for  all  angular-raomentum-based  rate-sensing  devices,  the  key  design  feature  of  the 
gyro  is  the  means  by  Which  it  can  contain  the  reference  momentum  (the  spinning  rotor), 
without  introducing  torques  (drift  rates)  in  the  process.  For  the  tuned-rotor  gyro,  the 
method  is  linked  to  the  dynamic  effect  of  the  flexible  gimbal  attachment  between  the  rotor 
and  the  motor.  Geometrical  reasoning  reveals  that  when  the  rotor  is  spinning  about  an  axis 
that  deviates  in  angle  from  the  motor-shaft  axis,  the  gimbal  is  driven  into  a  cyclic 
oscillation  in  and  out  of  the  rotor  plane  at  twice  the  rotor  frequency.  Dynamic  analysis 
shows  that  the  reaction  torque  on  the  rotor  to  sustain  this  motion  has  a  systematic 
component  along  the  angular-deviation  vector  that  is  proportional  to  the  angular  dis¬ 
placement,  but  that  acts  as  a  spring  with  a  negative  spring  constant.  The  flexible  pivots 
between  the  rotor  and  gimbal,  on  the  other  hand,  provide  a  similar  spring  torque  to  the 
rotor,  but  of  the  opposite  sign.  Hence,  to  free  the  rotor  from  systematic  torques  asso¬ 
ciated  with  the  angular  displacement,  it  is  only  necessary  to  design  the  gimbal  pivot 
springs  such  that  their  effect  cancels  the, inverse  spring  effect  of  the  gimbal.  The  result 
(tuning)  is  a  rotor  suspension  that  is  insensitive  to  angular  movement  of  the  case. 

Use  of  the  tuned-rotor  gyro  in  a  strapdown  mode  parallels  the  technique  used  for  the 
floated  rate-integrating  gyro.  Exceptions  are  that  damping  must  be  provided  electrically  in 
the  caging  loop,  as  there  is  no  fluid,  and  that  the  gyro  must  be  caged  in  two  axes  simul¬ 
taneously.  The  latter  effect  couples  the  two  caging  loops  together  due  to  the  gyroscopic 
cross-axis  reaction  of  the  rotor  to  applied  torques. 


4.1  Performance  And  Application  Areas 

Application  areas  for  the  strapdown  tuned-rotor  gyro  (TRG)  have  been  primarily  in  the 
medium  performance  areas  where  small-size  low  angular  momentum  units  have  acceptable 
accuracy,  are  lower  in  cost  compared  with  comparable  size/performance  ring  laser  gyro 
technology,  and  Where  bias  accuracy  compared  to  equivalent  cost  RIG  units  is  superior.  The 
inherent  simplicity  in  design  of  the  dry  rotor  suspension  concept  for  the  TRG  which  lowers 
its  production  cost,  also  limits  its  usefulness  in  high  vibration/shock  environments  where 
rotor  resonances  can  potentially  be  excited  (producing  sensor  error  and,  in  extreme  cases, 
device  failure).  Current  design  improvements  for  the  TRG  are  being  directed  at  extending 
its  vibration  capability  while  retaining  accuraoy. 

The  strapdown  AHRS  (attitude-heading  reference  system)  has  been  a  primary  application 
area  for  the  strapdown  TRG  for  commercial  aircraft,  military  drones,  and  roost  recently, 
torpedoes.  One  of  the  larger  potential  application  areas  for  the  strapdown  TRG  is  for  the 
military  aircraft  strapdown  AHRS  where  email  size  and  low  cost  are  key  requirements,  and  not 
yet  achievable  with  ring  laser  gyro  technology. 

Two  current  application  areas  of  intereet  for  the  strapdown  TRG  are  for  tactical  missile 
midcourse  guidance  end  helicopter  or  torpedo  strapdown  AHRS.  small-sizs  low-cost  versions 
of  the  strapdown  TRG  have  been  developed  as  a  competitor  to  the  RXG  for  the  tactical  missile 
midcourse  guidance  application.  Potential  vibration/shock  susceptability  of  the  TRG  is  an 
area  of  concern  for  the  tactical  missile  application,  but  is  being  addressed  by  TRG  design 
groups,  shock  requirements  for  torpedo  application  of  the  TRG  have  been  handled  through  use 
of  elastomeria  isolators  between  the  TRG  sensor  assembly  and  torpedo  mounting  plate.  The 
helicopter  AHRS  application  imposes  a  bias  stability  requirement  of  0,1  dag/hr  on  the  TRG 
which  is  not  achievable  today  with  small  tics  low  cost  units. 

The  0.1  deg  per  hour  helicopter  AHRS  requirement  stems  from  the  need  to  determine 
heading  prior  to  takaoff  by  earth-rate  gyro-compassing  to  an  accuracy  of  0.5  degrees.  This 
translates  into  a  gyro  accuracy  requirement  of  0.1  dag/hr  to  detect  the  direction  of  hori¬ 
zontal  earth  rate  (at  45  deg  latitude)  to  0.01  radians  (i.a.,  0.5  degress).  Typical 
small-sizs  low-cost  TRG's  have  biaa  accuracies  over  long  term  of  1  to  2  deg/hr.  To  achieve 
the  0.1  dag/hr  requirement,  a  turn-table  is  needed  to  position  the  TRG  at  different  orien¬ 
tations  relative  to  the  earth  rate  vector  during  initial  alignment  operations.  In  this  way, 
repeatable  gyro  biases  can  be  measured  and  separated  from  earth  rate  measurements,  and  earth 
rate  measurements  to  the  required  0.1  deg  per  hour  accuracy  become  achievable.  The 
turn-table  aleo  provides  the  means  for  calibrating  the  heading  gyro  scale  faotor  prior  to 
takeoff.  The  use  of  such  a  turn-table  as  an  integral  part  of  a  strapdown  TRG  system  for  the 
helicopter  AHRS  is  considered  stands rd  practice  today. 


4.1.1  Design  considerations  In  A  Dynamic  Environment 

Use  of  a  strapdown  TRG  (or  RIG)  in  a  dynamic  vibration  environment  must  address  the 
basic  question  of  wide  versus  narrow  bandwidth  for  the  torque-rebalance  loop,  if  a  signif¬ 
icant  angular  vibration  environment  exists,  the  loop  bsndwldth  must  be  broad  enough  to 
measure  real  angular  rates  that  integrate  into  attitude/hsadlng  (33,  34).  On  the  other 
hand,  if  the  bandwidth  is  to  broad,  undesirable  high  frequency  saneor  error  effects  will  be 
amplified  and  paeaed  as  output  data  to  the  attitude  integration  proceea,  generating  attitude 
error.  Xn  the  case  of  the  tuned-rotor  gyro,  undamped  rotor  wobble  effeote  near  spin  fre¬ 
quency  limit  the  maximum  bandwidth  that  is  practically  achievable  to  approximately  80Hz. 

The  minimum  torque-rebalance  bandwidth  ia  aelected  eo  that  the  gyro  rate  signal  outputs, 

When  integrated,  generate  attitude  data  thati 
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1.  Accurately  accounts  for  the  accelerometer  attitude  under  combined  angular/linear 
vibration  environments  (i.e.  -  sculling  (33,  34)). 

2.  Accurately  accounts  for  multiaxis  angular  vibration  rates  that  rectify  into  attitude 
drift  (i.e.,  coning  (33,  34)). 

In  the  case  of  the  TRG,  Item  2  is  achievable  with  lower  bandwidth  than  with  the  RIG 
because  of  the  inherent  nature  of  the  TRG  being  an  attitude  sensing  instrument  (i.e.,  the 
pickoff  signals  measure  the  true  attitude  orientation  of  the  gyro  case  relative  to  the 
rotor).  As  such,  attitude  errors  in  the  TRG  generated  by  low  bandwidth  limits,  are  theoret¬ 
ically  recoverable  (with  a  time  delay)  by  proper  torque-loop  rebalance  logic.  This 
contrasts  with  the  RIG  torque-loop  because  the  pickoff  signal  in  the  RIG  represents  the 
integrated  input  rate  (not  attitude).  As  such,  the  RIG  bandwidth  must  be  broad  enough  to 
accurately  measure  all  significant  multiaxis  angular  vibrations  so  that  the  true  attitude 
can  be  properly  constructed  in  the  attitude  integration  process.  Both  the  RIG  and  TRG 
bandwidths  have  comparable  requirements  to  aatisy  Item  1. 

One  of  the  principal  error  mechanisms  for  torque-rebalance  gyros  under  dynamic  environ¬ 
ments  is  torquer  heating  effects.  In  addition  to  producing  scale  factor  errors  in  the  gyro 
output,  bias  errors  can  be  produced  by  associated  thermal  gradient  effects  across  the 
instrument.  In  the  case  of  the  gyro  scale  factor  error,  much  of  the  temperature  induced 
effect  can  be  eliminated  by  temperature  measurement  and  modeling  correction  in  the  strapdown 
computer.  Unfortunately,  for  the  tuned-rotor  gyro,  because  the  torquer  magnet  is  attached 
to  the  spinning  rotor,  direct  temperature  measurements  are  difficult  to  achieve  due  to  the 
problem  of  making  electrical  measurements  across  the  spinning  rotor  bearings  (without  resort¬ 
ing  to  slip-rings  and  attendant  potential  reliability  problems). 

In  order  to  reduce  the  scale  factor  error  variation  with  temperature,  TRG  manufacturers 
have  developed  new  magnet  materials  (e.g.,  doped  sunvarium  cobalt)  which  has  a  lower  scale 
factor  error  as  a  function  of  temperature.  The  penalty  is  reduced  magnet  strength,  hence,  a 
larger  magnet  to  generate  the  same  torque  capability.  Note,  that  the  torquer  heating  effect 
under  angular  vibration  can  also  be  reduaed  by  lowering  the  bandwidth  of  the  torque- 
rebalance  loop.  In  the  case  of  the  TRG,  this  technique  has  been  used  in  helicopter  appli¬ 
cations  as  a  compromise  between  sensor  error  amplification  versus  output  signal  attenuation 
error.  Because  the  TRG  is  more  tolerant  of  low  bandwidth  operation  (see  previous  discussion 
on  Item  2  requirements),  a  reasonable  compromise  can  usually  be  found.  However,  the  band¬ 
width  selection  then  becomes  sensitive  to  vehicle  installation  and  operating  condition.  In 
general,  no  true  optimum  solution  is  possible. 

Scale  factor  errors  in  strapdown  gyros  under  maneuvering  flight  conditions  can  rectify 
into  attitude  drift  in  the  strapdown  system  computer  (2,  34).  The  classical  sffsot  is 
through  continuous  turning  in  one  direction  that  generates  s  net  attitude  error  proportional 
to  the  product  of  the  ecale  factor  error  with  tha  net  angle  traversed.  Cyclic  maneuver*  can 
also  produce  net  attitude  error  buildup;  asymmetrical  scale  factor  errors  rectify  under 
oscillatory  rates  about  the  gyro  input  axis,  symmetrical  scale  factor  errors  rectify  under 
multiaxis  rates  that  are  phased  ninety  degrees  apart  (between  axes).  The  classical  case  of 
the  latter  effaat  is  the  "jinking  maneuver"  Which  coneiets  of  oyolio  patterns  of  roll  right, 
turn  right,  roll  left,  turn  left.  In  the  case  of  the  tuned-rotor  gyro,  the  scale  factor 
error  effect  must  be  assessed  to  seeure  compliance  to  accuracy  requirements  for  the  partic¬ 
ular  application  being  considered.  Reduction  of  the  gyro  torquer  ecale  factor  temperature 
coefficient  in  future  versions  should  broaden  the  areas  of  applicability  for  the  instrument 
in  a  dynamic  environment. 


5.  RING  LASER  GYRO 

Unlike  the  gyros  that  utilise  rotating  mass  for  angular-measurement  reference,  the  later 
gyro  operating  principal  ia  based  on  the  relativistic  properties  of  light  \X,  11,  12,  14). 
The  device  has  no  moving  parts;  hence,  it  has  the  potential  for  extremely  high  reliability. 

Figure  4  depicts  the  basic  operating  elements  in  a  laser  gyrot  a  closed  optical  cavity 
containing  two  beams  of  correlated  (single-frequency)  light.  The  beams  travel  continuously 
between  tha  reflecting  surface  of  the  cavity  in  a  closed  optical-path ;  one  beam  travels  in 
the  clockwise  direction,  the  other  ih  the  counterclockwise  direction,  each  occupying  the 
same  physical  space  in  the  cavity.  The  light  beams  are  generated  from  the  lasing  action  of 
a  helium-neon  gas  discharge  within  the  optical  cavity.  The  reflecting  surfaces  are  die- 
leotrio  mirrors  designed  to  selectively  reflect  the  frequency  associated  with  the 
heluim-naort  transition  being  used. 

To  understand  the  operation  of  tha  laser  gyro,  consider  the  effect  of  cavity  rotation  on 
an  obaervav  rotating  with  tha  cavity.  Relative  to  the  observer,  it  takes  longer  for  a  photon 
of  light  to  traverse  the  distance  around  the  optical  path  in  the  direction  of  rotation  than 
In  the  direction  opposite  to  the  rotation.  This  effect  is  interprettd  by  the  observer  as  a 
lengthening  of  the  net  optical  path  length  in  the  direction  of  rotation,  and  a  shortening  of 
the  path  length  in  the  opposite  direction.  Because  the  laser  beam  is  self-resonating,  it  it 
a  continuous  baara  that  propsgatae  around  the  cavity,  dosing  on  itself  without  disconti¬ 
nuity.  As  a  result,  the  effect  of  the  self -resonance  is  to  maintain  a  fixed  integral  number 
of  light  wave  lengths  around  the  cavity.  Under  input  angular  rata,  the  increase  in  optical 
path  langth  experienced  by  the  beam  traveling  in  the  direction  of  rotation,  must  therefore 
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Figure  4  -  Laser  gyro  operating  elements. 


be  accompanied  by  a  proportional  increase  in  wavelength  to  maintain  the  same  integral  number 
of  waves  around  the  lengthened  cavity.  The  converse  is  true  for  the  beam  traveling  opposite 
to  the  direction  of  rotation.  Thus,  a  wavelength  difference  is  established  between  the 
oppositely  direated  beams  proportional  to  the  optical  path  length  change,  hence,  propor¬ 
tional  to  the  input  angular  rate.  Because  the  speed  of  light  is  constant,  the  wavelength 
difference  is  accompanied  by  a  frequency  difference  between  the  two  beams  in  tho  opposite 
sense.  Henae,  a  frequency  difference  is  generated  between  the  two  beams  that  is  propor¬ 
tional  to  input  rotation  rate. 

The  frequency  difference  is  measured  in  the  laser  gyro  by  allowing  a  small  percentage  of 
the  laser  radiation  to  escape  through  one  of  the  mirrors  (Figure  4).  An  optical  prism  is 
typically  used  to  refleot  one  of  the  beams  such  that  it  crosses  the  other  in  almost  the  same 
direction  at  a  small  angle  (wedge  angla).  Due  to  the  finite  width  of  the  beams,  the  effect 
of  the  wedge  angle  is  to  generate  an  optical  fringe  pattern  in  the  readout  cone.  When  the 
frequenoies  between  the  two  laser  beams  aro  squal  (undsr  ssro  angular  rate  input  cond¬ 
itions),  the  fringes  are  stationary  relativs  to  the  observer.  When  the  frequenoies  of  the 
two  beams  art  different  (undsr  rotational  rates),  the  fringe  pattern  moves  relative  to  the 
observer  at  a  rate  and  direction  proportional  to  the  frequency  difference  (i.e.,  propor¬ 
tional  to  the  angular  rate).  More  importantly,  the  passage  of  each  fringe  indicates  that 
the  integrated  frequency  difference  (integrated  Input  rate)  has  changed  by  a  specified 
increment.  Hence,  each  fringe  passage  is  a  direct  indication  of  an  incremental  integrated 
rate  movement,  the  exact  form  of  the  output  needed  for  a  rate-gyro  strapdown  navigation 
system. 

Digital  integrated-rate-increment  pulses  are  generated  from  the  laser  gyro  from  the 
outputs  of  two  photodiodes  mounted  in  the  fringe  area  and  spaced  90  degrees  apart  (in  fringe 
space).  As  the  fringes  pass  by  the  diodes,  sinusiodal  output  signals  are  generated,  with 
_.'ach  cycle  of  a  sine  wave  corresponding  to  the  movement  of  one  fringe  over  the  diodes.  By 
>  serving  which  diode  output  is  leading  the  other  (by  90  degrees),  the  direction  of  rotation 
i  determined.  Simple  digital-pulcse  triggering  and  direction  logic  operating  on  the 
photodiode  outputs  convert  the  sinusoidal  signal  to  digital  pulses  for  computer  input. 

The  analytical  relationship  between  the  fringe  angle  change  and  integrated  rate  input 
angle  change  (11,  12,  34)  is  given  byt 
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The  accuracy  of  the  laser  gyro  depends  on  the  manner  in  which  the  laser  beams  are 
affected  by  the  influences  of  the  lasing  cavity.  A  key  requirement  in  this  regard  is  that 
the  average  of  the  clockwise  and  counterclockwise  path  lengths  around  the  lasing  triangle  be 
constant.  Many  of  the  error  characteristics  in  the  laser  gyro  vary  as  a  function  of  average 
path  length  (12 ),  hence,  stabilising  average  path  length  also  implicitly  stabilizes 
performance.  Zsrodur  is  used  to  construct  the  laser  gyro  optical  cavity  due  to  its  lew 
coefficient  of  thermal  expansion,  hence,  high  degree  of  path-length  stability. 

To  compensate  for  residual  remaining  path-length  variations,  a  piezoelectric  transducer 
is  mounted  on  one  of  the  laser  gyro  mirror  substrates  (see  Figure  5).  Actuation  of  the 
transducer  by  a  control  voltage  flexes  the  mirror  substrate  to  effect  a  path-length  change. 
The  control  signal  for  the  transducer  is  designed  to  maintain  peak  average  power  in  the 
lasing  beams.  Because  average  beam  power  varies  cyclically  with  path-length  multiples  of 
laser  wavelength,  maintaining  peak  lasing  power  implicitly  controls  the  average  path-length 
to  a  constant  value.  The  a\  jrage  beam  power  is  detected  in  the  laser  gyro  by  a  photodiode 
mounted  on  one  of  the  mirrors  that  senses  a  small  percentage  of  the  combined  radiation  from 
the  clockwise  and  counterclockwise  beams. 


5.1.1  Square  Versus  Triangular  Ring  Laser  Gyros 

Figure  6  illustrates  a  square  laser  gyro  geometry  utilizing  four  mirrors  (as  contrasted 
with  the  three-mirror  triangular  configuration  in  Figure  5).  Both  geometries  are  used  today 
by  competing  ring  laser  gyro  manufacturers.  The  rationale  espoused  by  proponents  of  the 
triangular  versus  square  geometry  can  bo  summarized  as  follows*  Proponents  of  the 
triangular  geometry  point  to  the  three-mirror  configuration  as  having  the  minimum  mirror 
count  to  form  an  enclosed  laser  ring.  As  a  result  mirror  costs  per  gyro  are  minimized,  and 
lock-in  (a  performance  deficiency  in  the  laser  gyro  to  be  discussed  in  the  next  section)  is 
reduced  due  to  the  minimum  number  of  scatterero  (the  mirrors)  in  the  laser  beam  path.  From 
a  manufacturing  standpoint,  the  proponents  of  the  triangle  point  out  that  alignment  of  the 
mirrors  on  the  gyro  block  is  simplified  (hence,  cost  reduced)  because  the  triangle  geometry 
is  self-aligning  in  the  lasing  plane  (through  use  of  one  curved  mirror),  and  alignment  out 
of  the  lasing  plane  is  readily  achieved  by  out-of-plane  adjustment  of  the  curved  mirror 
during  device  assembly. 

Proponents  of  the  square  laser  gyro  geometry  consider  the  additional  mirror  coat  a 
negligible  penalty  when  technology  advances  are  taken  into  account.  The  additional 
alignment  requirement  for  the  fourth  mirror  in  a  square  is  identified  as  a  benefit  by  square 
gyro  proponents  due  to  the  added  flexibility  it  affords  to  adjust  beam/cavity  positioning, 
and  thereby  optimize  porformance.  Another  performance  advantaga  identified  for  the  square 
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Figure  6  -  Square  laser  gyro  configuration. 


is  its  higher  area-to-perimeter  ratio  conpared  to  a  triangle  of  the  same  size,  which 
directly  increases  accuracy.  The  area-to-perimeter  ratio  (see  Equation  (1))  is  the  primary 
parameter  in  the  device  that  impacts  performance  (12,  13,  17).  Proponents  of  the  square  also 
point  to  the  lower  angle  of  incidence  at  the  laser  beam/mirroi  interface  which  reduces  bach- 
scattering  per  mirror.  The  net  result  is  a  combined  mirror  reduction  in  back-scattering 
which  more  than  compensates  for  the  additional  mirror  scattering,  hence,  reduces  overall 
gyro  lock-in.  Finally,  from  a  manufacturing  standpoint,  square  laser  gyro  enthusiasts  claim 
simpler  tooling  and  machining  for  square  compared  to  triangular  devices,  hence,  reduced 
production  costs. 

Triangular  laser  gyro  proponents  acknowledge  a  performance  penalty  due  to  the  less 
favorable  area-to-perimeter  ratio  and  beam-incidence  geometry.  However,  they  claim  that 
this  advantage  is  minor  and  will  be  largely  overcome  by  technology  advances.  Additionally, 
triangle  proponents  argue  that  when  the  gyro  electrodes  (size  and  geometry)  are  taken  into 
account,  no  real  size  advantage  exists  for  the  square  gyro  configuration.  From  a  machining 
standpoint,  triangle  proponents  claim  no  advantage  exists  for  any  particular  geometry  onoe 
tooling  is  complete  and  experience  has  been  attained. 

At  this  stage  in  the  laser  gyro  development  cycle,  it  is  not  clear  whether  one  geometry 
is  superior  to  another  as  a  general  rule. 


5.2  Lock-In 


The  phenomenon  of  lock-in  continues  to  be  the  most  prominent  error  aource  in  the  laser 
gyro  and  the  most  difficult  to  handle.  The  means  for  compensating  lock-in  has  been  the 
principal  factor  determining  the  configuration  and  performance  of  laser  gyros  from  different 
manufacturers. 

The  phenomenon  of  laser  gyro  lock-in  arises  because  of  imperfections  in  the  lasing 
cavity,  principally  the  mirrors,  that  produce  back-scattering  from  one  laser  beam  into  the 
other  (13).  The  resulting  coupling  action  tends  to  pull  the  frequencies  of  the  two  beams 
together  at  lew  rates  producing  a  scale-factor  error.  For  slowly  changing  rates  below  a 
threshold  known  as  the  lock-in  rate,  the  two  beams  lock  together  at  the  same  frequency 
producing  no  output  (i.e.,  a  dead  zone).  Figure  7  illustrates  the  effect  of  lock-in  on  the 
output  of  the  laser  gyro  as  a  function  of  input  rata  for  slowly  changing  input  rate 
conditions.  The  magnitude  of  the  lock-in  effect  depends  primarily  on  the  quality  of  the 
mirrors.  In  general,  lock-in  rates  on  the  order  of  0.01  to  0.1  degree-per-second  are  the 
lowest  levels  achievable  with  today's  laser  gyro  technology  (with  0.63-micron  laser 
wavelength).  Compared  with  0.01  deg/hr  navigation  requirements,  this  is  a  serious  orror 
source  that  must  be  overcome. 
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Figure  7  -  Laser  gyro  lock-in. 
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Under  dynamic  input  rates  that  rapidly  pass  through  the  lock-in  region,  the  effect  of 
lock-in  is  to  introduce  a  small  angle,  error  in  the  gyro  output  as  the  lock-in  zone  is 
traversed,  but  still  retaining  sensitivity  to  input  rate  while  in  the  lock-in  region  (i.e., 
no  hard  dead-zone  develops  as  in  Figure  7  (12,  13,  16).  The  latter  effect  underlies  the 
basic  principal  behind  adding  cyclic  high  rate  bias  to  the  laser  gyro  as  a  means  for 
circumventing  the  look-in  dead-zone  effect,  and  converting  it  into  a  random  angle  error 
added  to  the  gyro  output  each  time  the  biased  gyro  input  cycles  through  the  lock-in  region. 
The  principal  method  being  used  today  to  generate  the  oscillating  bias  in  the  laser  gyro  is 
medhanioal  dither. 


5.2.1  Mechanical  Dither 

With  mechanical  dither,  the  oscillating  bias  into  the  laser  gyro  is  achieved  by 
mechanically  vibrating  the  gyro  block  at  high  frequency  about  its  input  axis  through  a  stiff 
dither  flexure  suspension  built  into  the  gyro  assembly.  The  spoked-like  structures  in 
Figures  5  and  6  conceptually  illustrate  such  a  flexure  that  is  attached  to  the  laser  block 
(on  the  outside)  and  to  the  gyro  case/mount  (on  the  inside)  by  metal  rings  that  are 
connected  to  each  other  by  flexible  metal  reeds.  Piezoelectric  transducers  attached  to  the 
reeds  provide  the  dither  drive  mechanism  to  vibrate  the  gyro  block  at  its  resonant  frequency 
about  the  input  axis.  One  piezoelectric  transducer  is  mechanized  as  a  dither  angle  readout 
detector  and  used  as  the  control  signal  to  generate  voltage  into  the  drive  piezo's  to 
sustain  a  specified  dither  amplitude.  The  dither  angle  amplitude  and  acceleration  are 
designed  so  that  the  dwell  time  in  the  lock-in  zone  is  short  so  that  hard  lock-in  will  never 
develop.  The  result  is  a  gyro  that  has  continuous  resolution  over  the  complete  input  rate 
range.  The  residual  effect  of  lock-in  is  a  small  random  angle  error  in  the  gyro  output  that 
is  introduced  each  time  the  gyro  passes  through  lock-in  (at  twice  the  dither  frequency) . 

This  is  the  principal  source  of  random  noise  in  mechanically  dithered  laser  gyros.  The 
relationship  between  laser  gyros  random  noise,  lock-in,  and  dither  rate  is  ideally  given  by 
(15); 
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where 

og  -  Qyro  random  noise  (or  "random  walk")  coefficient  (deg/hr**) 

*  Lock-in  rate 
Q0  -  Dither  rate  amplitude 

K  ■  Gyro  output  scale  factor  in  fringes  per  input  revolution  (i.e.,  the  reciprocal 
of  the  gyro  "pulse  sice"  disaussed  previously,  times  2%) 


For  typical  values  of  or  "  0.002  deg/hr*),  ql  “  0.03  deg/sec,  and  K  *  648,000  (i.e.,  2 
arc  sec  pulse  size),  equation  (2)  can  be  used  to  show  that  Qg  ■  72  deg/sec.  To  achieve 
sufficient  lateral  stiffness,  ths  dither  spring  is  designed  such  that  the  frequency  of  the 
dither  motion  is  on  the  order  of  400  hz>  The  associated  dither  cycle  amplitude  (corre¬ 
sponding  to  72  deg/sea  dither  rate)  is  103  arc  sec  (or  206  arc  sac  peak-to-peak) .  Equation 
(2)  is  based  on  the  assumption  that  the  angle  error  generated  in  the  gyro  output  ia  uncor¬ 
related  from  dither  cycle  to  cycle.  In  practice  this  is  not  perfectly  achievable,  and 
somewhat  larger  dither  amplitudes  are  required  than  predicted  by  equation  (2).  Neverthe¬ 
less,  the  figures  presented  previously  are  generally  representative  of  typical  machanioal 
dither  requirements. 

Once  mechanical  dither  is  incorporated  for  lock-in  compensation,  means  must  be  provided 
to  remove  ths  oscillating  bias  signal  from  ths  gyro  output  (so  the  that  the  gyro  output 
represente  the  motion  of  the  sensor  assembly  to  which  the  gyro  ie  mounted).  Figure  5 
illustrates  ths  "case  mounted  readout"  method  of  optically  cancelling  ths  dither  from  the 
output.  By  mounting  the  readout  reflecting  prism  and  photodiodea  on  ths  gyro  case  (i.e., 
off  the  gyro  block)  the  tranelational  movement  of  the  gyro  block  relative  tc  the  caee 
(caused  by  dither)  will  generate  fringe  notion  at  the  photodiodes.  This  purely  geometrical 
effect  can  be  made  te  cancel  the  fringe  movement  produced  by  the  laser  block  sensed  dither 
angular  motion  through  proper  selection  of  the  rotational  center  for  the  mechanical  dither 
mount.  The  result  is  a  photodiode  output  signal  that  responds  to  rotation  of  the  gyro  case 
and  not  relative  movement  between  the  dithering  gyro  relative  to  the  case. 

The  alternative  to  "case-mounted  readout"  ie  "blook-mounted  readout"  as  illustrated  in 
Figure  6.  With  this  approach  the  gyro  readout  optica  are  mounted  directly  to  the  gyro 
block.  Relative  movement  between  the  block  and  caee  is  removed  by  measurement  and 
substraction,  or  by  filtering.  In  the  meaeursment/substraction  approach,  a  transducer 
(typically  electromagnetic)  is  used  to  electrically  measure  the  Instantaneous  angle  between 
the  gyro  block  and  ease.  The  electrical  signal  ia  then  digitized  and  subtracted  from  ths 
gyro  pulse  output  for  dither  motion  compensation.  With  the  filter  approach,  a  digital 
filter  ie  used  to  filter  signals  near  and  above  the  dither  frequency  from  the  gyro  output. 


The  result  is  a  cancellation  of  the  unwanted  dither  rate  between  the  gyro  block  and  case. 
The  penalty  is  attenuation  of  real  oscillating  rates  of  the  gyro  case  which,  if  significant, 
must  be  accurately  measured  for  processing  in  the  strapdown  computer.  Use  of  the  filter 
approach  is  only  valid  for  relatively  benign  environment  applications  where  it  can  be 
assured  that  the  only  angular  rate  signals  that  need  to  be  measured  have  frequency  content 
well  below  the  dither  frequency. 


5. 2. 1.1  Mechanical  Dither  Design  Complications  -  Orgiually  touted  as  a  simple  solution  to 

the  lock-in  problem  with  no  deleterious  side  effects,  the  mechanical  dither  concept  applied 
in  practice  has  been  found  to  be  the  source  of  several  subtle  mechanical  coupling  error 
mechanisms  that  must  be  designed  for  at  the  three-gyro  system  level  for  solution  (19,  34). 

It  must  be  realized  at  the  onset,  however,  that  these  complications  are  directly  propor¬ 
tional  to  the  magnitude  of  dither  motion  required  for  lock-in  compensation.  As  lock-in 
rates  are  reduced,  dither  amplitudes  can  be  reduced  proportionally  (see  equation  (2)),  and 
design  solutions  for  the  effects  described  below  can  be  more  easily  achieved. 

The  basic  problem  with  mechanical  dither  stems  from  a  kinematic  property  of  three-axis 
rotary  motion  that  cyclic  rates  in  two  orthogonal  axes,  if  at  the  same  frequency  but  phase 
shifted  by  ninety  degrees,  will  produce  a  real  constant  attitude  rate  about  the  third  axis 
(33,  34).  The  effect,  known  as  "coning",  if  present,  must  be  measured  as  oyclic  rate 
signals  by  the  strapdown  gyros,  and  delivered  to  the  strapdown  computer  so  that  the  true 
drift  about  the  third  axis  will  be  properly  calculated.  The  problem  arises  when  gyro  output 
errors  are  also  being  generated  at  the  same  frequency  as  the  real  rates  to  be  measured. 
Cyclic  error  signals  from  the  gyro  in  one  axis,  in  combination  with  errors  or  real  cyclic 
rates  from  the  gyro  in  one  of  the  other  orthogonal  *>:cae,  will  produce  a  vector  rate  profile 
which  appears  as  coning,  but  is  false  ("pseudo-coning"  is  the  nonmenclature  typically  used 
to  describe  this  phenonemon).  Since  the  composite  gyro  output  signals  (real  plus  error)  are 
processed  in  the  same  computer  used  to  measure  real  coning  motion,  a  pseudo-coning  error 
will  be  created  in  the  strapdown  computer  as  a  false  drift  rate  about  the  "third"  axis. 
Filtering  the  gyro  signals  to  remove  the  output  error  oscillations  is  not  acceptable  if  real 
cyclic  motion  is  present,  since  the  true  drift  caused  by  the  real  cyclic  coning  motion  will 
not  be  properly  measured  and  accounted  for. 

In  the  case  of  mechaniaally  dithered  laser  gyros,  a  potential  source  of  real  high 
frequency  coning  in  a  strapdown  system  is  the  reaction  torque  of  the  gyro  dither  drives  into 
the  sensor  assembly  (the  sensor  assembly  typically  consists  of  a  metal  casting  to  which  the 
gyros  and  accelerometers  are  mounted).  To  minimise  dither  reaction  torque  resonance 
effeata,  and  to  provide  compliance  for  thermal  expansion,  most  RLG  sensor  assemblies  are 
mechanically  isolated  from  the  system  chassis  by  elastomeric  isolators  (34).  To  generate 
coning  motion,  equal  angular  rate  vibration  frequencies  must  exist  simultaneously  in  two 
orthogonal  axes.  Dither  induced  vibrations  from  nominally  orthogonal  laser  gyros  into  the 
sensor  assembly  can  become  frequency  correlated  between  axed  if  mechanical  coupling  exists 
between  the  axes  (e.g.,  principal  moment-of-inertia  axes  of  the  sensor  assembly  not  parallel 
to  gyro  input  axes).  The  mechaniaal  coupling  mechanisms  tend  to  pull  the  dither  frequencies 
in  orthogonal  axss  together,  thereby  creating  real  coning  at  dither  frequency.  Hence,  even 
if  single  gyro  dither  frequencies  are  separate,  the  mechanical  coupling  can  shift  the 
frequencies  toward  each  other,  thereby  creating  correlated  frequency  components  between 
axes,  or  coning.  Another  sourae  of  real  high  frequency  coning  ie  linear  random  vibrations 
into  the  strapdown  system  that  produce  correlated  frequency  rotary  sensor  assembly  motion  in 
orthogonal  axes  due  to  tensor  assoably/elastomsric  mount  asymmetries. 

The  real  coning  motion  effects  described  above  would  not  be  a  problem  in  themselves, 
since  laser  gyros  have  the  bandwidth  and  sensitivity  required  for  accurate  measurement  of 
these  effects.  The  problem  arises  from  pseudo-coning  created  at  dither  frequency,  also  due 
to  dither  mechanical  interaction.  A  claasical  example  is  sensor  assembly  bending  Induced 
by  the  dither  reaction  torque  which  produces  false  gyro  outputs  at  dither  frequency  (e.g., 
due  to  bending  in  the  mechanism  used  to  measure  and  remove  gyro  block/ease  relative  angular 
dither  motion  from  the  gyro  output,  or  gyro  mount  twisting  about  the  gyro  input  axis). 

Exacting  and  sophisticated  mechanical  design  techniques  must  be  used  in  the  overall 
sensor,  sensor  assembly,  and  sensor  assembly  mount  to  assure  that  pseudo-coning  effects  are 
negligible  below  the  frequencies  where  real  coning  exists  and  has  to  be  measured  (33,  34). 
The  coning  computation  algorithm  in  the  strapdown  computer  (33)  can  then  be  run  at  an 
iteration  rate  that  is  only  high  enough  to  measure  the  real  coning  motion  frequency  effects 
(i.e.,  so  that  high  frequency  pseudo-coning  effects  are  attenuated).  Classical  techniques 
utilised  to  minumize  pseudo-coning  effects  are  to  design  for  stiffness  in  the  sensor  assem¬ 
bly,  design  for  mechanical  symmetry  in  the  sensor  assembly  to  minimice  mechanical  dither 
cross-coupling  between  gyro  axes,  and  to  assure  sufficient  gyro  dither  frequency  separation 
so  that  the  tendency  for  frequency  pulling  together  la  minimised,  if  performed  properly,  a 
total  dasign  can  ba  achelvad  that  meets  overall  system  requirements  under  external  vibra¬ 
tion.  Proper  design  is  more  easily  achieved  for  benign  vibration  environment#  (a.g., 
conaerical  aircraft). 


5.2.2  Magnetic  Mirror  Bias 

The  magnetic-mirror  concept  is  a  nonmechanical  biasing  technique  bated  on  the  transverse 


magneto-optic  Kerr  effect  (14,  18,  21).  A  special  inner  coating  (e.g.,  ferromagnetic  metal) 
is  applied  to  one  of  the  laser  gyro  mirrors  which,  when  magnetized  normal  to  the  plane  of 
incidence  by  an  applied  magnetic  field,  inparts  a  nonreciprocal  (i.e.,  opposite)  phase  shift 
between  the  clockwise  and  counterclockwise  laser  beams.  This  produces  an  apparant  differ¬ 
ential  path-length  shift  between  the  laser  beams  which  generates  a  frequency  difference  or 
output  rate.  The  result  is  a  bias  imposed  on  the  gyro  output  that  is  controllable  by  the 
applied  magnetic  field.  Bias  uncertainties  are  compensated  through  use  of  alternating  bias 
control  (i.e.,  square-wave  dithering  of  the  applied  magnetic  field).  The  magnetic  field 
intensity  is  set  at  a  high  enough  level  to  operate  the  magnetic  mirror  in  a  saturated  state. 
In  this  way,  bias  shifts  generated  by  stray  magnetic  fields  are  minimized. 

The  advantage  of  the  magnetic  mirror  is  the  elimination  of  the  need  for  mechanical 
dither,  its  associated  design  complications,  and  size/weight  penalties.  A  problem  area  for 
the  magnetic  mirror  has  been  difficulties  in  generating  a  large  enough  bias  for  the  0.63 
micron  laser  gyro  due  to  low  reflectance  of  the  ferromagnetic  coating  (14,  20).  The 
resulting  loss  must  be  compensated  by  higher  gain  in  the  laser  helium-neon  discharge.  For 
the  0.63  micron  laser,  high  gain  cannot  be  tolerated  because  the  laser  begins  to  resonate 
unwanted  mode  shapes  that  deteriorate  performance.  The  net  result  is  that  the  magnetic 
mirror  biasing  capability  must  be  diluted  by  appropriate  layering  of  dielectric  coatings  on 
the  mirror  to  recover  reflectance.  The  net  bias  levels  achieved  with  this  approach  have  not 
been  sufficient  to  adequately  compensate  lock-in.  (It  should  be  noted  that  ferromagnetic 
magnetic  mirror  technology  has  been  successfully  applied  to  the  lesser  accurate  1.15  micron 
laser  gyro  which  can  be  operated  at  a  higher  gain  before  multimoding  problems  develop  (24)). 
Another  problem  area  for  magnetic  mirror  technology  has  been  the  introduction  of  residual 
nonrecipocal  phase  shifts  between  the  incident  laser  beams  that  are  temperature  sensitive. 
The  result  is  a  bias  instability  that  is  temperature  sensitive  and  which  produces  turn-on 
transients. 

Recent  work  on  laser  gyro  magnetic  mirror  technology  has  concentrated  on  the  development 
of  a  garnet  magnetic  mirror  in  which  the  dielectric  layer  coatings  on  the  laser  mirror  are 
made  with  a  transparent  garnet  film  that  produces  nonreciprocal  phase  shift  to  incident 
light  on  application  of  a  magnetic  field  (20).  The  result  has  been  that  the  loss  effect 
(associated  with  the  ferromagnetic  magnetic  mirror  technology)  has  been  significantly 
reduced  so  that  high  bias  levels  can  be  achieved  with  0.63  micron  laeers.  Current  design 
work  is  concentrating  on  doping  the  garnet  material  to  reduce  the  affect  of  residual 
nonreoiprocal  temperature  sensitive  phase  shifts  that  have  remainod  with  the  new  garnet  mir¬ 
ror  technolgy.  Engineering  personnel  associated  with  these  developments  ere  predicting  a 
breakthrough  within  the  next  year  based  on  experimental  results  achisved  to  date  on  doped 
garnet  coatings. 


5.2.3  Multioscillator  Laser  Gyro 

Conventional  two-beam  (clockwise  and  counterclockwise)  laser  gyros  are  designed  to 
amplify  plant  polarized  laser  light  (i.e.,  in  which  the  electric  vector  normal  to  the  laser 
beam  is  either  perpendicular  to  the  lasing  plane  (S -polarization)  or  in  the  lasing  plane 
(P-polarization).  Triangular  lasers  typically  use  the  former  polarization  while  square 
laser  gyros  typically  uae  the  latter.  In  the  case  of  the  multiosclllator  laser  gyro  (26, 
27),  circular  polarization  ia  used  in  which  both  S  and  P  mods*  are  simultaneously  excited, 
but  at  one  quarter  wavelength  phase  shifted  from  one  another.  The  result  is  a  combined 
electric  vector  polarization  that  spirale  between  S  and  Pi  denoted  ae  circular  polarization. 
Right  circularly  polarized  (RCP)  or  left  circularly  polarized  (LCP)  light  ie  generated  by 
creating  a  plus  or  minus  quarter  wavelength  shift  between  the  S  and  P  waves,  thereby 
creating  a  right  or  left  sense  spiralling  electric  vector  wave. 

In  the  multiosciliator,  both  KCP  and  LCP  User  beams  are  created  in  the  same  cavity, 
each  with  clockwise  and  counterclockwise  components  (i.e.,  a  four-beam  laser  gyro).  The  two 
polarization  states  are  excited  by  a  reciprocal  polarization  rotator  (e.g.,  a  quartz  cry¬ 
stal)  in  the  beam  path  that  imparts  an  additional  spiral  rotation  to  the  circularly  polar¬ 
ized  light,  and  which  operates  identically  On  both  the  clockwise  and  counterclockwise 
components  of  the  KCP  or  LCP  beams  (I.e.,  reeriprocal).  The  additional  rotation  adds  to  the 
sprlalling  for  the  KCP  beam  and  retards  the  spiraling  of  the  LCP  beam.  The  effect  of  the 
added  rotation  on  the  KCP  beam  is  to  resonate  the  light  components  with  decreased  wavelength 
such  that  s  net  spiral  angle  reduction  ie  acheived  around  the  beam  path  to  match  the  spiral 
angle  increase  across  the  rotator.  As  a  result,  the  KCP  beam  (both  the  clockwise  and 
counterclockwise  components)  are  up-shifted  in  frequency  (proportional  to  the  wavelength 
decrease).  The  opposite  effect  ie  created  in  the  LCP  light  which  is  down-shifted  in 
frequency  by  the  same  amount  that  the  RCP  light  frequency  ie  up-shifted.  As  for  the 
two-beam  laser  gyro,  each  polarization  state  (RCP  or  LCP)  contains  *  clockwise  (cw)  and  a 
counterclockwise  (CCW)  beam  cos$>onent.  Hence,  two  sets  of  CM  end  CCW  beams  are  eetabiished, 
one  RCP  and  the  other  LCP,  each  operating  at  a  different  canter  frequency.  Each  set  ie  used 
to  generate  an  independent  output  signal  equal  to  the  frequency  difference  between  the  CV 
and  CCW  beams.  As  for  the  two-beam  laser  gyro,  the  frequency  difference  output  from  each 
polarisation  state  is  proportional  to  input  rotation  rate.  Also,  as  for  the  two-beam  laser 
gyro,  the  frequency  difference  output  from  the  RCP  and  LCP  laeers  experience  lock-in  which 
pull  the  CW  and  CCW  frequencies  together  at  law  input  rates. 

In  ordat  to  overcome  lock-in,  a  nonreciprocal  polarization  rotator  is  introduced  into 
the  beam  path  which  rotates  circularly  polarised  light  in  the  opposite  sense  for  clockwise 


compared  to  counterclockwise  beams.  Hence,  a  frequency  shift  is  imparted  between  the 
clockwise  and  counterclockwise  beams  (i.e.,  a  bias)  for  both  the  RCP  and  LCP  light.  The 
frequency  difference  is  maintained  at  a  high  enough  level  to  remain  far  from  the  lock-in 
region  under  frequency  shifts  produced  by  angular  rate  inputs.  The  common  means  for  intro¬ 
ducing  the  nonreciprocal  bias  in  the  multioacillator  laser  gyro  has  been  through  use  of  a 
Faraday  rotator  consisting  of  a  piece  of  amporphous  glass  placed  in  the  beam  path  with  a 
magnetic  field  applied  across  it  parallel  to  the  beam.  The  resulting  Faraday  effect  intro¬ 
duces  the  desired  frequency  bias  on  the  circularly  polarized  light  that  is  in  the  opposite 
sense  for  the  LCP  compared  to  the  RCP  light  beams.  As  a  result,  the  RCP  beam  output  (i.e., 
the  difference  between  the  clockwise  and  counterclockwise  RCP  beam  frequencies)  is  posi¬ 
tively  biased,  while  the  LCP  beam  frequency  difference  output  is  negatively  biased  by  an 
equal  amount. 

By  summing  the  outputs  from  the  RCP  and  LCP  beam  sets,  the  input  rate  sensitivity  is 
doubled,  while  the  Faraday  bias  effect  is  cancelled.  The  cancelling  of  the  bias  by  summing 
both  outputs  eliminates  the  need  for  alternating  bias  to  compensate  for  Faraday  rotator  gain 
uncertainties.  Elimination  of  the  oscillating  bias  eliminates  a  main  source  of  laser  gyro 
random  noise  (i.e.,  dithering  through  the  lock-in  region).  Hence,  the  random  noise  in  the 
multioacillator  is  lower,  and  closer  to  the  theroretical  limit  created  by  random  gain  and 
loss  of  photons  from  the  laser  beams  (25,  26). 


5. 2. 3.1  Principal  Error  Sources  -  The  basic  principal  behind  lock-in  compensation  in  the 
multioscillator  laser  gyro  relies  on  the  Faraday  bias  (and  Faraday  bias  uncertainties)  being 
equal  between  the  two  laser  beam  sets  so  that  they  cancel  one  another.  In  practice,  this  is 
not  totally  true,  to  a  large  degree  because  the  operating  frequencies  of  the  left  and  right 
circularly  polarized  laser  sets  are  different  by  design.  This  frequency  difference  causes 
each  to  behave  slightly  differently  to  the  Faraday  bias,  producing  a  net  residual  error  when 
combined.  The  error  is  both  temperature  and  magnetically  sensitive,  requiring  some  degree 
of  magnetic  shielding  and  temperature  measurement  compensation. 

Another  source  of  bias  error  in  the  multioscillator  is  variations  in  the  lock-in 
characteristic  betwssn  the  right  and  left  circularly  polarized  beams.  Even  through  the 
Faraday  bias  keeps  the  lasers  well  outside  of  the  lock-in  region,  small  scale  factor 
nonlinearitics  still  exist  at  the  bias  point  caused  by  lock-in.  Because  the  lock-in  rate* 
for  the  two  beam  seta  differ,  when  the  gyro  outputa  are  summed,  the  residual  lock-in  error 
effects  at  the  bias  point  do  not  cancal.  The  resulting  bias  error  created  is  temperature 
sensitive  and  can  have  unpredictable  varatione  over  time. 

Hultioscll later  design  groups  claim  that  the  aoove  effects  are  for  the  most  part, 
predictable  and  can  be  compensated  sufficiently  for  satisfactory  operation  in  high  accuracy 
applications. 

Two  areas  where  serious  errors  can  develop  and  ate  not  easily  compensated  arias  from 
anisotropic  snd  birefringence  effects  introduced  An  the  light  beams  as  they  pass  through  a 
quartz  crystal  reciprocal  polarization  .rotator  and  Faraday  nonreeiproca!  rotator,  the  net 
effect  la  to  introduce  unpredictable  nonreciprocal  path  length  variation  between  all  four 
beams  which  are  teaqperature,  acceleration  and  magnetically  sensitive. 

Recent  advances  in  multioscillator  design  techniques  have  replaced  the  quartz  crystal 
reciprocal  polarization  rotator  with  an  out-of-plane  beam  path  geometry  that  rotates  the 
laeer  beam  by  optical  reflection  at  the  mirrors  (thereby,  mimicking  the  rotational  effect  of 
the  quartz  crystal)  (27).  Ths  result  is  elimination  of  birefringence  effects  originally 
created  by  the  presence  of  the  quartz  crystal  in  the  beam  path.  Current  work  on  the 
multlosclilator  is  addressing  improved  methods  for  providing  i  nonteciprocal  polarisation 
rotation  that  have  email  and  more  predictable  error  characteristics  than  were  achieved  with 
original  Faraday  rotator  design  coni' iguratlona. 


5.3  laeer  Gyro  Performance  And  Application  Areas 

Over  the  past  6  years,  the  ring  laser  gyro  (RLO)  has  progressed  from  advanced  devel¬ 
opment  into  full  scale  production  in  1-nmph  strapdown  inertial  navigation  application*.  The 
successful  l-nmph  laser  gyro  system  programs  to  date  have  utilised  the  0.63  micron  tran¬ 
sition  with  mechanical  dither.  System*  in  the  1-nmph  range  have  bean  developed  by  several 
competing  manufacturing  group#  for  both  coww erica 1  and  military  application. 

Performance  advances  in  RLO  technology  have  been  rapid.  Continuing  advances  in  laser 
gyro  mirror  technology  has  reduced  lock-in  (and  random  noise)  by  more  than  an  order  of 
magnitude  over  the  past  eight  years.  Lock-in  rates  lower  than  0.0003  deg/hr*  have  been 
reported.  Advanced  development  programs  are  now  in  progress  to  design  laeer  gyros  with 
performance  capabilities  required  for  0.1  nmph  navigation  applications. 

Principal  problem  remaining  with  ftl/3  technology  are  size  and  weight  for  the  high 
performance  applications,  and  size,  weight  and  coat  for  the  lower  accuracy  applications. 

FOr  the  higher  performance  applications,  the  total  weight  of  an  ALG  strapdown  inertial 
navigation  syatam  is  typically  301  higher  than  its  comparable  giabaled  system  counterpart. 
Significant  coat,  reliability,  and  reaction  time  benefits  for  the  RhQ  system,  however,  make 
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it  an  attractive  alternative  to  the  traditional  gimbaled  system.  It  is  generally  conceded 
that  laser  gyro  performance  in  the  lower  accuracy  AHRS  and  tactical  missile  midcourse 
guidance  application  areas  is  superior  to  the  competing  strapdown  RIG  or  TRG  strapdown 
technologies,  however,  size,  weight,  and  coBt  advantages  for  the  RIG  or  TRG  with  acceptable 
performance  are  prevailing  factors  today  that  continue  to  restrict  entry  of  the  RLG  into  the 
lower  performance  application  areas. 

Performance  advances  in  future  RLG's  may  make  it  possible  to  build  smaller,  lighter 
weight  laser  gyro  systems  for  the  lower  performance  market.  Advances  in  nonmechanically 
dithered  RLG  technology  may  make  it  possible  in  the  future  to  build  a  a  small  size 
cost/performance  competetive  integrated  3-axis  laser  gyro  sensor  assembly  (1,  24)  in  a 
single  Zerodur  structure  using  interleaved  laser  paths  to  reduce  net  size/weight.  If 
advances  in  mirror  technology  continue  to  reduce  lock-in  rates  and  associated  dither 
amplitude  requirements,  mechanically  dithered  RLG  system  size/weight  will  also  be  reduced  in 
the  future.  Production  learning  is  expected  to  be  the  determining  factor  that  will  decide 
the  degree  to  which  laser  gyro  production  costs  will  be  reduced  in  the  future  to  be  compet¬ 
itive  with  the  lower  performance  RIG  and  TRG  strapdown  sensors.  For  the  higher  performance 
strapdown  applications  areas,  strapdown  RIG  and  TRG  manufacturer's  generally  conceed  that 
the  ring  laser  gyro  is  now  the  industry  standard,  and  not  a  viable  competition  area  for 
higher  performance  but  more  expensive  versions  of  strapdown  TRG  or  RIG  technology. 


6.  FIBER-OPTIC  ROTATION  RATE  SENSOR 

One  of  the  newer  rate  sensor  technologies  that  has  emerged  over  the  past  few  years  is 
the  fiber-optic  rotation  rate  sensor  (28).  The  concept  for  the  device  is  illustrated  in 
Figure  8.  Light  generated  from  a  suitable  light  source  at  a  specified  design  frequency  is 
transmitted  through  a  fiber-optic  coil.  The  light  beam  is  first  split  by  a  beam-splitter  so 
that  half  the  radiation  raverses  the  coil  in  the  clockwise  (CW)  direction,  and  half  in  the 
counterclockwise  (CCW)  direction.  The  emerging  light  from  both  ends  of  the  coil  are  then 
recombined  at  the  beam  splitter,  and  transmitted  onto  a  photodetector.  The  photodetector 
output  power  is  proportional  to  the  average  intensity  of  the  recombined  light. 


Figure  8  -  Basic  fiber-optic  rotation  rate  sensor  concept 


Under  rotation  of  the  device  about  an  axis  normal  to  the  plane  of  the  fiber-optic  coil, 
the  effective  optical  path  length  is  changed  for  the  CW  compared  to  the  CCW  beams  in  a 
manner  similar  to  the  ring  laser  gyro.  In  the  direction  of  rotation,  the  path  length 
increases  (i.e.,  a  photon  of  light  has  to  traverse  the  length  of  the  coil  plus  the  distance 
that  the  coil  has  been  rotated  during  the  traversal  period) .  In  the  direction  opposite  to 
the  rotation,  the  light  traverses  th<s  length  of  the  coil,  minus  the  distance  that  the  coil 
has  been  rotated  during  the  traversal  period.  The  difference  between  the  CCW  and  CW  optical 
path  leugthe,  then,  is  twice  the  dis-  jnce  of  rotation,  or« 


&  m  2  L  ° 

*  “C*  ~T 


where 

L 


Total  fiber  length 
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D  =  Diameter  of  coil  (assumed  circular) 

AL  =  Difference  between  CW  and  CCW  optical  path-lengths 
«  =  Input  angular  rate 

C  =  Speed  of  light 

This  corresponds  to  a  phase  shift  between  the  CW  and  CCW  light  beams  emerging  from  the  coil 
given  by  : 


A«  =  2n  AL  =  2n  11  °  u  (3) 

ST  C  £ 

where 

X  a  Wavelength  of  light  source 

Thus,  the  phase  angle  between  the  emerging  light  beams  becomes  proportional  to  the  input 
angular  rate.  This  contrasts  with  the  ring  laser  gyro  resonator  for  which  the  phase  angle 
change  is  proportional  to  the  integral  of  the  input  rate  (see  Equation  (1)).  Hence,  the 
fiber-optic  rotation  sensor  is  a  "rate  gyro"  while  the  laser  gyro  is  a  "rate  integrating 
gyro".  The  other  difference  between  the  two  sensors  is  that  the  laser  gyro  CW  and  CCW  beam 
frequencies  are  shifted  from  each  other  proportional  to  the  input  rotation  rate  (due  to  the 
self-resonance  of  the  laser);  the  frequencies  for  the  CW  and  CCW  beams  in  the  fiber-optic 
rate  sensor  remain  equal  under  rotation  rates. 

The  photodetector  in  Figure  8  is  used  to  sense  the  phase  shift  between  the  CW  and  CCW 
beams.  The  amplitude  of  the  combined  beams  at  the  photodiode  equals  the  sum  of  the 
individual  beam  amplitudes,  including  the  phase  shift  factor.  The  result  is  a  combined  beam 
intensity  which  is  maximum  for  A*  =  0  and  mininum  (zero)  for  A*  «  n  (i.e.,  varies  as  cos2 
(A6/2)).  The  photodetector  output  is  proportional  to  the  light  intensity,  hence,  also 
varies  approximately  as  cos2  (A$/2). 

In  order  to  achieve  high  sensitivity  (high  scale  factor),  the  length  L  of  the  fiber  coil 
is  large.  A  typical  value  of  L  «  400  meters  with  D  -  0.1  meters  and  X  -  0.82  microns 
produces  a  A$  from  equation  (3)  of  approximately  one  radian  at  1  rad/sec  input  rate. 


6.1  Practical  Design  Refinements 

As  depicted  in  Figure  8,  the  fiber-optic  rotation  rate  sensor  has  fundamental  error 
mechanisms  that  make  it  impractical  to  implement.  Among  these  are  large  scale  factor  errors 
associated  with  photodetector  scale  factor  uncertainties,  light  source  intensity  variations, 
snd  light  amplitude  losses  in  the  fiber;  loss  of  rate  sensitivity  sround  euro  input  rata 
(duo  to  the  cos2  (A4/2)  output  characteristic  of  the  photodetector;  phase  angle  variations 
due  to  mechanical  movement  between  the  beam  splitter  and  fiber  that  produce  changes  in  path 
length  between  fc:  e  CW  and  CCW  beams;  and  polarization  state  differences  botween  the  CW  snd 
CCW  beams  that  produce  phase  shifts  due  to  nonreciprocal  birrefringence  and  anisotropic 
effects  in  the  fiber  material  that  are  aggravated  by  environmental  exposure.  To  overcome 
these  fundamental  problems,  reaent  fiber-optic  rotation  sensor  configurations  (28)  havo 
adopted  refined  interface  and  control  elements  such  as  those  depicted  in  Figure  9, 

In  Figure  9,  the  discrete  component  beam-splitter  in  Figure  0  is  replaced  by  fiber-optic 
couplers  which  consist  of  integrated  fiber-optic  junctions  that  split  entering  oeams  SOI  to 
the  left  and  SOI  to  the  right.  A  polarizer  (28)  is  included  to  suppress  unwanted 
polarization  states  in  the  light.  The  fiber  itself  is  specifically  manufactured  to  preserve 
a  single  polarization  efcato  (28)  ("polarization  preserving  fiber").  In  this  manner, 
nonreciprocal  fiber-beam  interactions  are  suppressed. 

A  light  source  (typically  a  auper-lurainiscent  diode  such  as  Galium  Arsenide)  transmits 
narrow  frequency  bandwidth  light*  into  the  fiber  that  splits  into  CW  and  CCW  component*  at 
the  coupler  junction.  Acousto-optic  shifters  (A/o)  (such  as  Bragg  cells**)  at  the  end  of 


‘Note  -  Original  fiber-optic  sensors  used  laser  light.  One  of  the  major  technological 
break-throughs  for  the  fiber-optic  sensor  was  replacement  of  the  coherent  laser 
light  with  a  broader  spectrum  source.  The  reeult  was  a  significant  reduction  in 
nonrociprocal  beam/fiber  interaction  error  mechanisms  due  to  v,he  shorter 
correlation  distance  for  the  broader  spectrum  light  (28,  29). 

“Note  -  A  Bragg  coll  (28)  is  typically  mechanized  as  a  piezoelectric  device  that  imparts  an 
acoustical  vibration  transverse  to  the  light  besm  at  ite  input  drive  frequency. 

The  result  is  a  bending  of  the  light  (by  the  “Bragg  angle")  with  an  accompanying 
frequency  shift  in  the  light  passing  through  the  cell  equal  to  the  Bragg  cell  drive 
frequency. 
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Figure  9  -  Improved  fiber-optic  rotation  rate  sensor  configuration. 


the  fiber  coil  are  then  used  to  generate  a  controlled  phase  shift  in  the  light  illuminating 
the  photodector. 

To  function  properly,  each  Oragg  cell  in  Figure  9  must  be  biased  at  a  large  offset 
frequency  F|  (typically  20  MHB).  A  Bragg  cell  mounted  at  one  end  of  the  coil  is  driven 
directly  at  the  bias  frequency  Fj  (see  Figure  9)  which  up-shifts  the  light  leaving  the  cell 
by  F2  from  the  light  entering  the  cell.  The  light  entering  from  the  left  (the  clockwise  CW 
beam  in  Figure  9)  must  traverse  the  length  of  the  coil  at  the  up-shifted  frequency  before  it 
leaves  the  coil  and  illuminates  the  photodetector .  The  beam  entering  from  the  right  (the 
counterolockwiee  CCW  beam  in  Figure  9),  on  the  other  hand,  immediately  leavea  the  coll  and 
Illuminates  the  detector  after  it  is  frequency  up-shifted.  The  net  result  is  that  che  CW 
beam  travels  a  further  distance  at  the  up-shifted  frequency  than  the  CCW  boam,  thereby 
generating  a  net  phase  shift  between  the  CW  snd  CCW  beams  at  tho  photodetector  proportional 
to  Fi  and  the  coil  length. 

The  Bragg  cell  at  the  opposite  end  of  the  coil  is  driven  at  F2  which  goneratea  a  phase 
shift  at  the  photodiode  in  the  opposite  sense  to  that  created  by  the  F^  Bragg  cell.  The  F2 
frequency  le  controlled  in  servo  fashion  to  maintain  tho  photodetector  output  at  peak  power 
(i.o.,  toro  net  phase  angle).  Under  aero  input  angular  rate,  the  F2  servo  drives  F2  to 
equal  F^  (i.e.,  *0  that  equal  and  opposite  phase  shifts  are  created  that  cancel 
one-another) .  Under  Input  angular  rate,  the  servo  creates  a  frequency  difference  between  F2 
and  F^,  the  device  output  in  Figure  9,  proportional  to  the  input  angular  rate  (that 
generates  an  equivalent  phase  shift  at  the  readout  to  null  the  phase  shift  created  by  input 
rotation).  It  is  easily  demotions trated  that  the  frequency  difference  generated  to  achieve  a 
net  sero  phase  angle  Is  given  byi 


u 


P2  -  Fi 


(5) 
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where 

i  =>  Length  around  one  coil  of  the  fiber  (which  typically  consists  of  several  coils). 


If  equation  (5)  is  compared  with  equation  (1)  for  the  laser  gyro  resonator,  it  should  be 
clear  that  they  are  identical  on  an  integral  basis  (i.e.,  the  frequency  difference  pulse 
count  cycles  from  equation  (5)  times  2 it  radians/cycle  is  proportional  to  the  input  angle  by 
the  same  factor  that,  in  equation  (1),  relates  RLG  output  fringe  angle  change  to  input  angle 
change. 

Figure  9  also  includes  an  electro-optic  phase  shifter  (E/0)  driven  at  frequency  F3  at 
one  end  of  the  fiber,  which  imparts  an  oscillating  path  length  change  to  the  CW  and  CCW 
beams  passing  through  (Note*  The  E/0  is  typically  mechanized  as  a  piezoelectric  actuated 
"stretcher"  which  physically  changes  the  length  of  the  fiber  by  introducing  stresses  in  the 
fiber  proportional  to  applied  voltage  (28,  29).  This  induces  an  equivalent  phase  shift  in 
the  light).  Because  the  E/0  driver  is  at  one  end  of  the  coil,  the  light  beam  passing  out  of 
the  coil  delivers  the  phase  shift  effect  first  to  the  photodetector.  The  beam  traveling  in 
the  opposite  direction  has  to  traverse  a  longer  length  of  fiber  to  the  photodetector,  hence, 
delivers  its  phase  shift,  by  an  equal  amount,  later.  The  delay  creates  an  alternating  phase 
bias  at  the  photodiode  mixed  beam  output,  generating  an  oscillation  of  the  output  about  the 
peak  power  point.  By  comparing  the  positive  half  cycle  output  decrease  with  the  negative 
cycle  decrease,  a  linear  signal  can  be  generated  proportional  to  the  average  deviation  of 
the  input  light  phase  angle  difference  from  zero.  The  linear  signal  is  generated  in  the 
phase  sensitive  demodulator  shown  in  Figure  9  driven  by  Fo*  The  result  is  a  signal  out  of 
the  demodulator  that  is  linearly  proportional  to  the  A$  phase  deviation  from  zero,  thereby 
eliminating  the  cos2  (a#/2)  sensitivity  problem  around  A$  =  0  that  exists  without  the  E/0 
device. 

The  basic  advantages  for  the  Figure  9  compared  to  the  Figure  8  mechanization  approach 
are  the  elimination  of  the  discrete  light/beam-splitter/fiber  junctions,  thereby  reducing 
phase  shift  errors  caused  by  mechanical  movement?  elimination  of  the  photodetector 
zero-phase  angle  sensitivity  problem  through  use  of  the  E/0  demodulator?  and,  through  the 
closed-loop  servo  operation  that  maintains  the  phase  angle  signal  at  null,  elimination  of 
scale  factor  errors  associated  with  light  source  intensity,  optical  intensity  losses  in  the 
fiber  and  beam-splitters,  and  photodetector  scale  factor  uncertainties. 


6.2  Development  status  And  Application  Areas 

The  basic  motivation  behind  the  development  of  the  fiber-optic  rate  sensor  was  to  design 
a  low  cost  alternative  to  the  ring  laser  gyro  that  was  inherently  void  of  lock-in  problems. 
The  resonant  characteristic  of  the  laser  gyro  which  regenerates  its  light  source  by  stimu¬ 
lated  emission,  is  the  transfer  mechanism  that  couples  the  CW  and  CCW  beams  together  from 
back-scatter,  producing  look-in.  For  the  fiber-optic  rate  sensor,  the  light  sourae  is 
external  to  the  sensing  ring,  hence,  does  not  amplify  the  effects  of  back-scatter.  As  a 
result,  the  lock-in  phenomenon  associated  with  the  laser  gyro  is  absent  in  the  fiber-optic 
sensor.  This  has  been  proven  experimentally  (29).  The  rationale  behind  the  projected  low 
cost  of  the  fiber-optic  sensor  is  that  use  of  fiber-optics  and  integrated-optics  tech¬ 
nologies  should  reduce  labor  hours  associated  with  device  manufacture.  It  also  assumes 
continuing  reductions  in  the  cost  of  high  quality  optical  fiber  which  has  been  oocuring  over 
the  past  few  years.  From  a  performance  standpoint,  the  fiber-optic  rotation  sensor  is  not 
expected  to  compete  with  the  high  performance  laser  gyro  for  accuracy,  but  is  envisioned  as 
a  competitor  to  the  lower  cost  autopilot,  and  eventually  tactical  missile  and  AHR8  quality 
gyros. 

Much  has  been  accomplished  since  1976  when  the  fiber-optic  rotation  sensor  concept  was 
originally  conceived.  To  a  large  degree,  theso  accomplishments  are  summarized  by  the 
evolution  of  the  concept  from  its  original  form  (in  Figure  8)  to  its  more  refined  practical 
form  (in  Figure  9).  Nevertheless,  much  remains  to  be  accomplished  before  this  device  can  be 
considered  a  serious  competitor  with  mature  low  cost  conventional  spinning  wheel  gyro 
technology  or  new  lower  cost/medium  performance  laser  gyro  technology.  The  device  has  still 
to  be  designed  into  a  practical  form  that  is  producible  at  low  cost,  and  Which  achieves 
overall  performance  goals  over  opertionai  enviroruoonta  in  a  reasonable  form  factor.  To  a 
large  extent  the  development  statue  reflects  the  level  of  funding  committment  assigned  by 
individual  groups  toward  device  development.  Although  many  small  funded  activities  have 
existed  over  the  past  8  years,  few  dedicated  programs  have  been  heavily  funded.  From 
another  standpoint,  the  funding  limits  could  reflect  lack  of  confidence  by  funding  agencies 
in  the  new  technology,  or  a  lack  of  available  funds  to  pursue  new  technologies  after 
completing  heavy  investments  in  recent  technologies  that  are  only  now  entering  large  scale 
production  (o.g.,  the  laser  gyro). 

Some  of  the  technical  problems  that  remain  for  the  fiber-optic  rotation  rate  sensor  (28) 
include  larger  than  desired  size  (2  to  4  inches  in  diameter)  for  the  fiber-optic  ring  to 
avoid  Introducing  beam  interraction#  with  the  fiber  walla  under  tight  fiber  turns?  scale 
factor  errors  due  to  photodiode  output  frequency  variations  with  temperature?  bias  errors 
associated  with  photodiode  output  frequency  side-bands  creating  phase  offsets  at  the 
photodetector?  bias  errors  created  from  large  required  Bragg  cell  drive  frequency  offsets 
coupled  with  variations  in  the  CW  and  CCW  Bragg  biased  coil  lengths  due  to  off-nominal 
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variations  between  the  Bragg  cell  distances  to  the  fiber-optic  coupler  (see  Figure  9) ;  bias 
errors  associated  with  the  E/0  demodulator  electronics  loop;  bandwidth  limits  associated 
with  the  closed-loop  operation  in  Figure  9;  and  increasing  complexity  of  the  sensor 
configuration  to  resolve  problem  areas.  Virtually  no  data  has  been  published  on  the 
performance  of  the  fi’  sr-optic  rate  sensor  under  dynamic  environments.  One  of  the  principal 
potentional  error  met.:  tnisitw  for  the  device  (as  for  all  angular  rate  sensing  instruments)  is 
bias  error  created  under  dynamic  temperature,  mechanical  vibration,  acoustic  vibration, 
acceleration,  and  magnetic  enviroments.  Fiber-optic  rate  sensor  enthusiasts  remain  con¬ 
fident  that  these  problems  can  be  resolved,  given  time  and  funding.  For  evidence  they  point 
to  the  significant  performance  advances  made  over  the  past  eight  years,  where  the 
fiber-optic  rate  sensor  has  progressed  from  an  original  concept  that  could  barely  detect 
earth's  rate,  to  current  technology  versions  that  have  demonstrated  milli-earth-rate 
sensitivities  (29). 


7.  PENDULOUS  ACCELEROMETER 

The  pendulous  accelerometer  (Figure  10)  (1)  consists  of  a  hinged  pendulum  assembly,  a 
moving-coil  signal-generator /pickoff  that  senses  angular  movement  of  the  pendulum  from  a 
nominally  null  position,  and  a  permanent-magnet  torque-generator  that  enables  the  pendulum 
to  be  torqued  by  electrical  input.  The  torquer  magnet  is  fixed  to  the  accelerometer  case, 
and  the  coil  assembly  is  mounted  to  the  pendulum.  Delicate  flex  leads  provide  electrical 
access  to  the  coil  across  the  pendulum/case  hinge  junction.  Electronics  are  included  for 
pickoff  readout  and  for  generating  current  to  the  torquer. 


Figure  10  -  Electrically  servoed  pendulous  accelerometer  concept. 


The  device  is  operated  in  the  captured  mode  by  applying  electrical  current  to  the 
torquer  at  the  proper  magnitude  and  phasing  to  maintain  the  pickoff  at  null.  Under  these 
conditions,  the  electrically  generated  torque  on  the  pendulum  balances  the  dynamic  torque 
generated  by  input  acceleration  normal  to  the  pendulum  plane.  Hence,  the  electrical  current 
through  the  torquer  becomes  proportional  to  input  acceleration,  and  is  the  output  signal  for 
the  device. 

Mechanisation  approaches  for  the  pendulous  accelerometer  (1)  vary  between  manufacturers 
but  generally  fall  into  two  categories;  fluid  filled  and  dry  units.  Fluid-filled  devices 
utilise  a  viscous  fluid  in  the  cavity  between  the  pendulum  and  case  for  damping  and  partial 
floatation.  The  dry  units  use  dry  air,  nitrogen,  or  electromagnetic  damping. 

The  hinge  element  for  the  pendulous  accelerometer  is  a  flexible  member  that  is  stiff 
normal  to  the  hinge  line  to  maintain  mechanical  stability  of  the  hinge  axis  relative  to  the 
case  under  dynamic  loading,  but  flexible  about  the  hinge  line  to  minimise  unpredictable 
spring  roetraint  torques  that  cannot  be  distinguished  from  acceleration  inputs.  Materials 
selected  for  the  hinge  are  chosen  lor  low  mechanical  hysteresis  to  minimise  unpredictable 
spring-torque  errors.  To  minimise  hystersis  effects,  the  hinge  dimensions  are  selected  to 
assure  that  hinge  stresses  under  dynamic  inputs  and  pendulum  movement  are  well  below  the 
yield-stress  for  the  hinge  material.  Beryllium-copper  has  bean  a  commonly  used  pendulum- 
hinge  material  due  to  its  high  ratio  of  yield-stress  to  Young's  modulus  (l.e.«  the  ability 
to  provide  large  flexure*  without  exceeding  material  yield-stress).  Another  successful 
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design  approach  for  dry  accelerometers  has  utilized  fused  quartz  for  both  the  hinge  and 
pendulum  by  etching  the  complete  assembly  from  a  single-piece  quartz  substrate  (1). 


7.1  Performance  And  Application  Areas 

The  pendulous  accelerometer  continues  to  be  the  primary  mechanization  approach  being 
used  for  almost  all  strapdown  applications.  Design  refinements  over  the  past  6  years  now 
provide  units  from  several  manufacturers  that  meet  1.0  nmph  strapdown  inertial  navigation 
requirements  in  heaterless  configurations.  The  heaterless  configuration  operates  without 
temperature  controls  and  achieves  its  accuracy  through  thermal  modeling  of  the  sensor  errors 
in  the  strapdown  system  computer  based  on  temperature  measurements  taken  with  temperature 
probes  mounted  within  the  sensing  unit.  The  heater less  accelerometer  configuration  has  been 
perfected  within  recent  years  for  operation  with  ring  laser  gyros  which  are  also  operated 
heaterless  using  direct  path-length  control  to  stabilize  performance  (Notes  Use  of  heaters 
to  control  temperature  and  stabilize  performance  with  the  ring  laser  gyro  is  impractical  due 
to  the  long  thermal  time  constant  of  the  Zerodur  material  from  which  it  is  constructed,  and 
the  associated  reaction  time  penalty  that  would  be  introduced  from  turn-on  until  terapera- 
ture/performance  stabilization.  laser  gyro  performance  variations  with  temperature  are  also 
compensated  by  thermal  modeling).  It  is  highly  fortunate  that  pendulous  accelerometer 
designs  originally  developed  for  heated  operation  (to  stabilize  performance),  have  been 
predictable  enough  thermally,  to  allow  accurate  characterization  over  their  complete 
temperature  range  by  analytical  modeling  using  temperature  measurements.  Hence,  major  design 
refinements  for  heater less  operation  have  not  been  necessary. 

Most  accelerometers  today  are  of  the  dry  pendulous  metal  flexure  hinge  variety  (1). 
Design  refinements  in  quartz  hinge  design  configurations  (1)  (most  notably  in  the  plating 
technology  used  to  conduct  current  across  the  hinge  into  the  pendulum-mounted  torquer  coil 
to  minimize  hysteresis)  have  provided  a  rugged  unit  that  meets  1.0  nmph  strapdown  inertial 
navigation  accuracy  requirements. 

Experimental  pendulous  accelerometers  have  recently  provided  indications  that 
identifiable  futher  design  refinements  will  make  it  possible  to  achieve  the  accuracy 
improvements  needed  for  the  advanced  0.1  nmph  INS  applications.  Advanced  engineering 
develoment  programs  are  currently  being  funded  (at  a  fairly  modest  level)  to  develop  and 
evaluate  these  performance  improvements. 

Unit  costs  for  the  pendulous  accelerometer,  although  acceptable,  still  remain  higher 
than  desirable,  particularly  in  the  higher  accuracy  applications.  Competitive  sourcing  in 
some  applications  has  created  the  environment  needed  to  reduce  costs  to  some  extent  through 
design,  manufacturing,  and  test  improvements.  Increased  production  volume  has  added  to  cost 
reduction  through  learning  and  improved  tooling/automation  techniques.  However,  the 
production  volume  has  not  been  sufficient  to  develop  the  automatic  manufacturing  technol¬ 
ogies  needed  to  make  major  in-roads  in  cost  reduction.  Nevertheless,  the  pendulous 
accelerometer  cost  is  acceptable  for  most  applications,  compared  to  the  cost  of  other 
strapdown  system  elements. 


8.  TORQUE-LOOP  MECHANIZATION  APPROACHES  FOR  TORQUE  REBALANCE  INSTRUMENTS 

The  implementation  of  the  torque  loop  for  the  torque-to-balance  instruments  (e.g., 
floated  rate-integrating  gyro,  tuned-rotor  gyro,  pendulous  accelerometer)  continue  to  be 
mechanized  uaing  different  approaches,  depending  on  manufactert  digital  pulse-rebalance  or 
analog-rebalance  with  follow-up  pulse-rebalance  logic,  using  pulse-on-domand  or  pulee-width- 
modulated  forced  limit-cycle  techniques  (1).  Little  data  has  been  published  on  the 
performance  of  theee  electrical  airouits,  an  unfortunate  circumstance,  particulary  since 
their  accuraay  is  a  key  contributor  to  the  overall  performance  of  the  intrument  they  are 
designed  to  operate  with.  Performance  data  advertized  as  representative  of  particular 
sensors  does  not  always  include  the  effect  of  the  digital  pu lee-rebalance  circuity  (i.e.< 
the  data  was  taken  on  an  analog  basis  at  the  basic  instrument  level).  This  becomes  of 
greater  concern  when  one  considers  the  more  demanding  application  areas  that  can  require 
dynamic  ranges  (maximum  input  versus  bias  acauracy)  in  the  10&  to  107  category. 


9.  THE  VIBRATING  BEAM  ACCELEROMETER 

Much  of  the  cost  for  conventional  pendulous  electrical ly-servosd  accelerometers  is 
associated  with  the  torque-generator  and  electronics  needed  to  close-the-loop  on  the 
instrument  and  generate  precision  pulse  outputs  representing  quantized  increments  of 
integrated  input  acceleration  (1).  The  vibrating  beam  accelerometer  replaces  the 
torque-rebalancs  mechanism  with  an  open-loop  direct-digital-output  transducer  based  on 
quartz-crystal  oscillator  technology  (30,  31,  32).  The  oonoept  is  depicted  in  Figure  11. 

In  Figure  11,  two  guartz-crystal  beams  are  mounted  symmetrically  back-to-back  so  that 
each  axially  supports  a  proof  mass  pendulum.  Each  beam  is  vibrated  at  its  resonant 
frequency  by  an  electronics  loop  in  a  manner  similar  to  the  method  used  to  sustain  amplitude 
in  quartz-crytal  oscillator  cloak  references.  In  the  absence  of  acceleration  along  the 
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Figure  H  -  Vibrating  beam  accelerometer  concept. 


acceleration  sensing  axis,  both  beams  are  selected  to  nominally  resonate  at  the  same 
frequency.  Under  applied  acceleration,  one  beam  is  placed  in  compression  and  the  other  in 
tension  by  the  inertial  reaction  of  the  pendulous  proof  masses.  This  produces  an  increase 
in  frequency  for  the  beam  in  teneion,  and  a  decrease  in  frequency  for  the  beam  in  com¬ 
pression.  The  frequency  difference  (f2  -  in  Figure  (11))  is  a  direct  digital  output 
proportional  to  the  input  acceleration. 

The  symmetrical  arrangement  of  the  beams  produces  a  cancellation  of  several  error 
effeots  that  would  exist  for  one  beam  mounted  individually.  Error  effects  that  are 
nominally  cancelled  include  nominal  beam  frequency  variations  with  temperature  and  aging, 
asymmetrical  scale  factor  nonlinuarities,  anieoinertia  errors  (1),  and  vibropendulous  errors 
(1)  that  are  common  between  the  individual  beam  assemblies. 


9.1  Design  Consldsratlons  And  Application  Arsas 

The  vibrating  beam  accelerometer  is  being  designed  as  a  lower  cost  alternative  to  the 
conventional  pendulous  electrical ly-servoed  accelerometer  for  etrapdown  applications.  Cost 
reductions  are  expected  bo  be  achieved  through  elimination  of  the  complex  electro-mechanical 
assembly  associated  with  the  pendulous  accelerometer  torque-generator,  and  elimination  of 
complex  torque-to-balance  and  pulee  quantiser  readout  electronics. 

The  ultimate  success  of  the  vibrating  beam  accelerometer  will  depend  on  whether  its 
accuracy  capabilities  will  approach  those  of  mature  technology  pendulous  accelerometers  at  a 
competetive  price.  Error  mechanisms  in  the  vibrating  beam  accelerometer  arise  from  unpre¬ 
dictable  variations  between  the  two  beam  assemblies  that  are  temperature,  vibration  sen¬ 
sitive  and  Which  vary  over  time.  One  of  the  more  important  error  mechanisms  that  must  be 
dealt  with  in  the  design  of  the  unit  is  the  potentional  problem  of  mechanical  coupling 
between  the  beam  assemblies  that  pull  the  frequencies  together  under  low  input  acceleration 
(an  effect  similar  to  lock-in  for  laser  gyros).  The  result  is  a  detection  threshold  for  the 
unit  that  is  a  function  of  the  strength  of  the  mechanical  coupling.  The  key  to  the  design 
of  an  accurate  vibrating  beam  accelerometer  lies  in  the  ability  to  isolate  one  crytsal  beam 
from  the  other.  One  approach  being  used  to  achieve  isolation  is  through  application  of  a 
dual-beam  construction  (32)  for  each  of  the  crystal  beam  assemblies  as  illustratsd  in 
Figure  12. 


Figure  12  -  Dual -beam  crystal  oscillator  concept. 


In  Figure  12,  each  beam  assembly  is  composed  of  an  integral  dual-beam  arrangement  in 
which  the  beam  elements  vibrate  in  opposition  (180  degrees  out  of  phase).  The  resulting 
counter-vibration  allows  each  beam  movement  to  be  counter-acted  mechanically  by  the  other 
such  that  no  net  vibration  is  transmitted  into  the  mount  (i.e.,  similar  to  a  tuning  fork). 
The  result  is  that  mechanical  coupling  mechanisms  between  the  independent  dual-beam 
assemblies  are  minimised. 

A  problem  area  being  addressed  in  the  design  of  the  vibrating  beam  accelerometer  is  the 
output  resolution.  Typical  mechanisations  are  based  on  using  crystals  with  a  40  KHs  center 
frequency  (sero  input  acceleration)  with  10%  variation  over  the  design  acceleration  range. 
Hence,  the  inherent  maximum  frequency  output  of  the  deviae  (beam  frequency  difference)  under 
maximum  input  acceleration  is  typically  5  to  10  KHs.  For  the  higher  accuracy  applications, 
this  resolution  is  generally  too  coarse  (by  at  least  an  order  of  magnitude  under  certain 
conditions).  In  order  to  enhance  the  basic  resolution,  design  techniques  being  investigated 
include  using  time  measurement  between  frequency  difference  pulses  os  the  output,  or  use  of 
digital  phase-lock  loop  external  circuity  to  generate  higher  frequency  waveforms  whose 
integral  tracks  the  frequency  difference  output  signal. 

The  vibrating  beam  accelerometer  is  still  in  its  development  stage  with  units  becoming 
available  for  evaluation  by  test  groups  this  year.  Developmental  test  results  reported  to 
date  have  been  encouraging.  It  is  too  early  at  this  time  to  predict  what  the  ultimate  cost/ 
performance  of  the  device  will  be  compared  to  mature  pendulous  accelerometer  technology. 


10.  CONCLUDING  REHARKS 

Over  the  past  six  years,  the  laser  gyro  has  emerged  as  the  rate  sensor  most  suitable  for 
the  high  performance  strapdown  applioatioris.  Floated  rate-integrating  and  tuned-rotor  gyro 
technologies  continue  to  be  the  most  suitable  rate  sensors  for  the  low-to-medium  perform¬ 
ance/low-cost  application  areas  where  small  sire  is  also  important.  It  is  expected  that 
cost  and  alee  reductions  for  the  laser  gyro  will  broaden  its  applicability  range  in  the 
future  so  that  it  will  eventually  dominate  the  medium  accuracy  performance  areas  as  well. 

It  is  too  early  to  predict  whether  the  laser  gyro  will  ever  be  of  a  low  enough  cost  to 
successfully  compete  in  the  lower  accuraoy  tactical  missile  application  areas. 

Pendulous  accelerometer  technology  continues  to  be  the  main  stay  for  strapdown 
applications.  Performance  advances  and  some  cost  reductions  over  the  past  few  years  have 
enabled  this  instrument  to  remain  compatible  with  overall  strapdown  system  cost/perforraance 
goals.  To  generate  a  significant  cost  reduction  for  strapdown  accelerometers,  the  vibrating 
beam  accelerometer  is  receiving  attention  by  some  development  groups.  Time  will  tell 
whether  the  cost/performance  of  this  instrument  will  successfully  compete  with  pendulous 
accelerometers  in  the  future. 
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SUMMARY 

This  paper  addresses  the  attitude  determination,  acceleration  transformation,  and 
attitude/heading  output  computational  operations  performed  in  modern-day  strapdown  inertial 
navigation  systems.  Contemporary  algorithms  are  described  for  implementing  these  operations 
in  real-time  computers.  The  attitude  determination  and  acceleration  trane formation 
algorithm  discussions  are  based  on  the  two-speed  approach  in  which  high  frequency  coning  and 
sculling  effects  are  calculated  with  simplified  high  speed  algorithms,  with  results  fed  into 
lower  speed  higher  order  algorithms.  —This  is  the  approach  that  is  typically  used  in  most 
modern-day  strapdown  systems.  DesigrT^quations  are  included  for  evaluating  the  performance 
of  the  strapdown  computer  algorithms  ar\a  function  of  computer  execution  speed  and  sensor 
assembly  vibration  amplitude/ frequency /phase  environment. 

Both  direction  cosine  and  quaternion  based~attitude  algorithms  are  described  and 
compared  in  light  of  modern-day  algorithm  accuracy  capabilities.  Orthogonality  and 
normalization  operations  are  addressed  for  potential  attitude  algorithm  accuracy 
enhancement.  The  section  on  attitude  data  output  algorithms  includes  a  discussion  on 
roll/yaw  Euler  angle  singularities  near  high/low  pitch  angle  conditions. 


1.  INTRODUCTION 

The  concept  of  strapdown  inertial  navigation  was  originated  more  than  thirty  years  ago, 
largely  from  an  analytical  standpoint.  The  theoretical  analytical  expressions  for 
processing  strapdown  inertial  sensor  data  to  develop  attitude,  velocity,  and  position 
information  were  reasonably  well  understood  in  the  form  of  continuous  matrix  operations  and 
differential  equations.  The  implementation  of  these  equations  in  a  digitial  computer, 
however,  was  invariably  keyed  to  severe  throughput  limitations  of  original  airborne  digitial 
computer  technology.  As  a  result,  many  of  the  strapdown  computational  algorithms  originated 
during  these  early  periods  were  inherently  limited  in  accuracy,  particulary  under  high 
frequency  dynamia  motion.  A  classical  teat  for  algorithm  accuracy  during  this  sarly  period 
was  how  well  the  algorithm  confuted  attitude  under  cyclic  coning  motion  ae  the  coning 
frequency  approaahed  the  computer  update  cycle  frequency. 

In  the  late  1960's  and  sarly  1970's,  several  analytical  efforts  addressed  the  problem 
of  splitting  the  etrapdown  computation  process  into  low  and  high  speed  sectione  (7,  8,  10). 
The  low  speed  section  contained  the  bulk  of  the  computational  equations,  and  was  designed  to 
accurately  account  for  low  frequency  large  amplitude  dynamic  motion  effects  (e.g.,  vehicle 
maneuvering).  The  high  speed  confutation  section  was  designed  with  a  email  set  of  simple 
algorithms  that  would  accurately  account  for  high  frequency  small  amplitude  dynamic  motion 
(e.g.,  vehicle  vibrations).  Splitting  the  computational  process  in  this  manner  allowed  the 
bulk  of  the  strapdown  algorithms  to  be  Iterated  at  reasonable  speeds  compatible  with 
computer  throughput  limitations.  The  high  speed  algorithms  were  simple  enough  that  they 
could  be  mechanized  individually  with  special  purpose  electronics,  or  as  a  minor  high  speed 
loop  in  the  main  processor. 

Over  the  past  ten  years,  the  structure  of  most  strapdown  algorithms  has  evolved  into 
thin  two  speed  structure.  The  techniques  have  been  refined  today  so  that  fairly 
straight-forward  analytical  design  methods  can  be  used  to  define  algorithm  analytical  forms 
and  computational  rates  to  achieve  required  levels  of  performance  in  specified  dynamic 
environments. 

This  paper  describes  the  algorithms  used  today  in  most  modern-day  strapdown  inertial 
navigation  systems  to  calculate  attitude  and  transform  acceleration  vector  measurements  from 
sensor  to  navigation  axes.  The  algorithms  for  integrating  the  transformed  accelerations 
into  velocity  and  position  data  are  not  addressed  because  it  is  believed  that  these 
operations  are  generic  to  inertial  navigation  in  general,  not  only  strapdown  inertial 
navigation. 

For  the  algorithms  discussed,  the  analytical  basis  is  presented  together  with  a 
discussion  on  general  design  methodology  used  to  develop  the  algorithms  for  compatibility 
with  particular  user  accuracy  and  environmental  requirements. 
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2.  STRAPDOWN  COMPUTATION  OPERATIONS 

Figure  1  depicts  the  computational  elements  implemented  by  software  algorithms  in 
typical  strapdown  inertial  navigation  systems.  Input  data  to  the  algorithms  is  provided 
from  a  triad  of  strapdown  gyros  and  accelerometers.  The  gyros  provide  precision  measure¬ 
ments  of  strapdown  sensor  coordinate  frame  ("body  axes")  angular  rotation  rate  relative  to 
nonrotating  inertial  space.  The  accelerometers  provide  precision  measurements  of  3-axis 
orthogonal  specific  force  acceleration  along  body  axes. 
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FIGURE  1  -  STRAPDOWN  ATTITUDE  REFERENCE  OPERATIONS 


The  strapdown  gyro  data  is  processed  on  an  iterative  basts  by  suitable  integration 
algorithms  to  calculate  the  attitude  of  the  body  frame  relative  to  navigation  coordinates. 
The  rotation  rate  of  the  navigation  frame  ia  an  input  to  the  calculation  from  the  navigation 
section  of  the  overall  computation  software.  Typical  navigation  coordinate  frames  are 
oriented  with  the  z-axls  vertical  and  the  x»  y»  axes  horizontal. 

The  attitude  information  calculated  from  the  gyro  end  navigation  frame  rate  data  ie  used 
to  transform  the  accelerometer  specific  force  vector  measurements  in  body  axes  to  their 
equivalent  form  in  navigation  coordinates.  The  navigation  frame  specific  force 
accelerations  are  then  Integrated  In  the  navigation  software  section  to  calculate  velocity 
and  position.  The  velocity/position  computational  algorithms  are  not  unique  to  the 
strapdown  mechanization  concept,  hence,  are  not  treated  in  this  paper.  Several  texts  treat 
the  velooity/pocition  integration  algorithms  in  detail  (1.  2.  3.  4,  12). 

Figure  1  also  shows  an  Euler  Angle  Extraction  function  as  part  of  the  strapdown  attitude 
reference  operations.  This  algorithm  is  used  to  convert  the  calculated  attitude  data  into 
an  output  format  that  is  more  compatible  with  typical  user  requirements  (e.g.,  roll,  pitch, 
heading  Euler  angles). 


3.  STRAPDOWN  ATTITUDE  INTEGRATION  ALGORITHMS 

The  attitude  information  in  strapdown  inertial  navigation  systems  is  typically 
calculated  in  the  form  of  a  direction  cosine  matrix  or  <»■»  an  attitude  quaternion.  The 
direction  cosine  matrix  is  a  three-by-three  matrix  whose  rows  represent  unit  vectors  in 
navigation  axos  projected  along  body  axes.  As  such,  the  element  in  the  lt!l  -ow  and 
column  represents  the  cosine  of  the  angle  between  the  navigation  frame  i-axis  and  body  frame 
j-axis.  the  quaternion  ie  a  four-vector  whose  elements  are  defined  analytically  (5,  9)  as 
followst 


a  *  ( OL./a)  sin  (a/2) 

b  -  (ay/a)  sin  (a/2) 
c  **  ( <4/ a)  sin  (a/2) 

d  »  cos  (a/2) 


-  ;*}*».■*(* 


W*>.v 


•  _  • 


I _ 


• _  • 


(D 


ax«  ay>  az  “  Components  of  an  angle  vector 
a  ■  Magnitude  of  «. 

The  a  vector  is  defined  to  have  direction  and  magnitude  such  that  if  the  navigation 
frame  was  rotated  about  a  through  an  angle  a,  it  would  be  rotated  into  alignment  with  the 
body  frame.  The  a  rotation  angle  vector  and  its  quaternion  equivalent  (a,  b,  c,  d,  from 
equations  (1)),  or  the  direction  cosine  matrix,  uniquely  define  the  attitude  of  the  body 
axes  relative  to  navigation  axes. 


3.1  Direction  Cosine  Updating  Algorithms 


3.1.1  Direction  Cosine  Updating  Algorithm  For  Body  Rotations 

The  direction  cosine  matrix  can  be  updated  for  body  frame  gyro  sensed  motion  in  the 
strapdown  computer  by  executing  the  following  classical  direction  cosine  matrix  chain  rule 
algorithm  on  a  repetative  basis « 

C(m+1)  «  C(m)  A(m)  (2) 


where 

C(m)  “  Direction  cosine  matrix  relating  body  to  navigation  axes  at  the  mtl*  computer 
cycle  time 

A(m)  *  Direction  cosine  martix  that  transforms  vectors  from  body  coordinates  at  the 
(m+1 )th  computer  cycle  to  body  coordinates  at  the  10th  computer  cycle. 


7t  is  well  known  (9)  that* 

Mm)  -  I  +  fidx)  +  f2(l*>2 

where 


*  ai!Li  -  i  -  +V/4i  -••• 


1  -  cos  | 


f2  “  2  *1/31  -  *5/4)  ♦  *4/6i  “*•' 


♦2  *  ♦  ty2  ♦  4s2 


0  >  *y 

*e  0 
-♦y  ♦«  0 


X  ■  «  3  x  3  unity  matrix 


(3) 


(4) 


♦*»♦?»♦*  *  ComponenU  of  ±. 


4  ■  Angle  vector  with  direction  and  magnitude  such  that  a  rotation  of  tht  body 

frame  about  j  through  an  angle  equal  to  the  magnitude  of  £  will  rotate 
the  body  frame  from  its  orisntstion  at  computsr  cycle  m  to  its 
orientation  at  computer  cycle  «*1.  The  j>  vector  is  computed  for 
each  computer  cycle  m  by  processing  the  date  from  the  strapdown  gyros. 

The  algorithm  for  Computing  £  will  be  described  subsequently. 
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The  "order"  of  the  algorithm  defined  by  equations  (2)  through  (4)  is  determined  by  the 
number  of  terms  carried  in  the  fj,  f2  expansions.  A  fifth  order  algorithm,  for  example, 
retains  sufficient  terms  in  f^  and  f2  such  that  A(m)  contains  all  term  products  out  to 
fifth  order.  Hence,  f.  would  be  truncated  after  the  44  term  and  f2  would  be  truncated  after 
the  42  term  to  retain  fifth  order  accuracy  in  A(m).  The  order  of  accuracy  required  is 
determined  by  system  accuracy  requirements  under  maximum  rate  input  conditions  when  jfc  is  a 
maximum.  The  computation  iteration  rate  is  typically  selected  to  assure  that  jt  remains 
small  at  maximum  rate  (t>g. ,  0.1  radians).  This  assures  that  the  number  of  terms  required 
for  accuracy  in  the  f1#  f2  expansions  will  be  reasonable. 


3.1.2  Direction  Cosine  Updating  Algorithm  For  Navigation  Frame  Rotations 

Equation  (2)  is  used  to  update  the  direction  cosine  matrix  for  gyro  sensed  body  frame 
motion.  In  order  to  update  the  direction  cosines  for  rotation  of  the  navigation  coordinate 
frame,  the  following  classical  direction  cosine  matrix  chain  rule  algorithm  is  used) 

C(n+1)  •  B(n)  C(n)  (5) 


where 


8(n)  -  Direction  cosine  matrix  that  transforms  vectors  from  navigation  axes  at 
computer  cycle  n  to  navigation  axes  at  computer  cycle  (n+1). 


The  equation  for  B(n)  parallels  equation  (3)> 


8{n)  •  I  -  (8x)  +  O.S(ex)2 


(6) 


with 


A 

(ox)  ■ 


(7) 


where 

ex,0y,6s  *  Component#  of  £. 


^  ■'  Angle  vector  with  direction  and  magnitude  such  that  a  rotation  of  the 

navigation  frame  about  a  through  an  angle  equal  to  the  Magnitude  of  4 
will  rotate  the  navigation  frame  from  its  orientation  at  computer  cycle  n 
to  its  orientation  at  computer  cycle  n+1.  The  «  vector  le  computed  for 
etch  computer  cycle  n  by  processing  the  navigation  frame  rotation  rate  data 
from  the  navigation  software  section  (12). 


it  1*  important  to  note  that  the  n  cycle  (for  navigation  frame  rotation)  and  m  cycle 
(for  body  frame  rotation)  are  generally  different,  n  typically  being  executed  at  a  lower 
iteration  rate  than  m.  This  ie  permieeabie  because  the  navigation  frame  rotation 
rates  are  considerably  smaller  than  the  body  rates,  hence,  high  execution  rates  are  not 
needed  to  maintain  &  small  to  reduce  the  order  of  the  Iteration  algorithm.  The  algorithm 
represented  by  equations  (5)  end  (6)  ie  second  order  in  £.  Generally,  first  order  ie  of 
sufficient  accuracy,  and  the  (0x)2  term  need  not  be  carried  in  the  actual  software 
implementation. 


•  *  I  • 


3.2  Quaternion  Updating. Algorithms 


3.2.1  Quaternion  Transformation  Properties 

The  updating  algorithms  for  the  attitude  quaternion  can  be  developed  through  an 
investigation  of  its  vector  transformation  properties  (5.  9).  We  first  introduce 
nomenclature  that  ia  useful  for  describing  quaternion  algebraic  operations.  Referring  to 
equation  (1),  the  quaternion  with  components  a,  b,  c,  d,  can  be  described  as > 


u  *  ai  ♦  bj  ♦  ek  ♦  d 


• . ;  • 


(8) 
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where 

a,b,  c  =  Components  of  the  "vector11  part  of  the  quaternion. 

i, j,k  =  Quaternion  vector  operators  analagous  to  unit  vectors  along  orthogonal 
coordinate  axes. 

d  =  “Scalar"  part^of  the  quaternion. 


We  also  define  rules  for  quaternion  vector  operator  products  ass 

ii  =  -1  ij  «  k  ji  =  -k 

jj  =  -1  jk  =  i  kj  =  -i 

kk  =  -1  ki  =  j  ik  =  -j 

With  the  above  definitions,  the  product  w  of  two  quaternions  (u  and  v)  becomes : 
w  =  uv  *  (ai  +  bj  +  ck  +  d)  (ei  +  f j  +  gk  +  h) 


=  aeii  +  afij  +  agik  +  ahi 

+  beji  +  bf jj  +  bgjk  +  bhj 

+  ceki  +  cfkj  +  ogkk  +  chk 

+  dei  +  df j  +  dgk  +  dh 


■=  (ah  +  de  +  bg  -  cf)i 
+  (bh  +  df  +  ce  -  ag)j 
+  (ch  +  dg  +  af  -  be)k 
+  (dh  -  ae  -  bf  -  eg) 


or  in  "Four-vector"  matrix  form: 


u* 

'  d 

-c 

b 

a 

f' 

c 

a  -a 

b 

g’ 

-b 

a 

d 

c 

-a 

-b  -o 

d. 

e 

f 

g 

h 


We  also  define  the  "complex  conjugate"  of  the  general  quaternion  u  in  equation  (8)  as: 


u* 


A 

a 


-ai  -  bj  -  ck  +  d 


We  notv  define  a  quaternion  operator  h(m)  for  the  body  angle  change  £  over  computer  cycle 
m  as: 


h(m)  » 


(♦*/♦ )  Bin  4/2) 
(♦«/♦)  ein  4/2) 
(♦£/♦)  sin  4/2) 
cos  4/2) 


(3) 


where  the  elements  in  the  above  column  matrix  refer  to  the  i,  j,  k,  and  scalar  components  of 
h.  We  also  define  a  general  vector  v  with  commponents  vx»  v„*  v8»  and  a  corresponding 
quaternion  v  having  the  same  vector  components  with  a  aero  scalar  component: 


Using  the  above  definitions  and  the  general  rules  for  quaternion  algebra,  it  is  readily 
demonstrated  by  substitution  and  trigonometric  manipulation  that: 

v'  ■  h(m)  v  h(ra)*  a  A'(m)  v  (10) 


where 


A'  (m) 


fA{m)  o] 

L  0  °J 


y. 


A(m) 


As  defined  in  (3). 


Equation  (10),  therefore,  is  the  quaternion  form  of  the  vector  transformation  equation 
that  transforms  a  vector  from  body  coordinates  at  computer  cycle  (m+1)  to  body  coordinates 
at  computer  cycle  mi 


«  A(m)  v 


(ID 


where 
v  ‘ ,  v 
v 
v' 


“Three-vector"  form  of  v'  and  v  (i.e.,  with  components  vx',  Vy',  v8‘  and  vx,  vy,  vE). 
The  general  vector  v  in  body  coordinates  at  computer  cycle  (m+1). 

The  general  vector  v  in  body  coordinates  at  computer  cycle  m. 


3.2.2  Quaternion  Updating  Algorithm  For  Body  Motion 

Equation  (10)  with  its  equation  (11)  dual  can  be  used  to  define  analagous  vector 
transformation  operations  between  body  coordinates  and  navigation  coordinates  at  computer 
ayole  m  ass 


q(ro)  v'  q(m)* 
C(m)  v' 


(12) 


where 

q(m) 


v 

v" 


Quaternion  relating  body  axes  to  navigation  axes  at  aomputsr  cycle  m. 
The  vector  v  in  navigation  coordinates. 

The  vector  v  in  body  coordinatee  at  computer  cycle  m. 

Quaternion  (“Four  vector" }  form  of  v',  v". 


£-•  .  ..»*!¥»}  W  ■ 

ft  • 


The  q  quaternion  has  four  elements  (i.e.,  a,  b,  c,  d)  that  are  updated  for  body  motion 
£  at  each  computer  cycle  m.  The  updating  equation  ia  easily  derived  by  substituting 
equation  (10)  into  (12)t 

v“  -  q(m)  h(m)  v  h(a)*  q(»)* 


Using  the  definition  for  the  quaternion  complex  conjugate,  it  is  readily  demonstrated 
that) 

h(m)*  q(o)*  ■  (q(m)  h(m))* 


Thua, 


v"  *  q(m)  h(m)  v  (h(m)  q(m)}* 


But  we  can  also  write  the  direct  expression* 
v"  -  q(m+l)  v  q(tn+l)* 


Therefore,  by  direct  comparison  of  the  latter  two  equations* 
q(m+l)  -  q(m)  h(») 


(13) 


X 


Equation  (13)  is  the  quaternion  equivalent  to  direction  cosine  updating  equation  (2). 
For  computational  purposes,  h(m)  as  defined  in  equations  (9)  is  equivalently: 
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h(m) 


§  ♦; 

£.1  K 


fo  - 


sin  (4/2) 


0.5(l  -  (0.54)2/31  +  (0.5<t>)4/5l  —  •••) 


(14) 


cos  (4/2)  =  1  -  (0.54)2/21  +  (0.5*)4/4J  . ) 


(0.54)2  d  0.25  (4*2  +  4y2  +  4*2) 


The  "order “  of  the  equation  (13)  and  (14)  updating  algorithm  depends  on  the  order  of  4 
terms  carried  in  h  which  depends  on  the  truncation  point  used  in  £3  and  £4.  The  rationale 
for  selecting  the  algorithm  order  and  associated  algorithm  iteration  rate  is  directly 
analagous  to  selection  of  the  direction  cosine  updating  algorithm  order  (discussed 
previously) . 


3.2.3  Quaternion  Updating  Algorithm  For  Navigation  Frame  Rotation 


Equation  (13)  with  (14)  is  used  to  update  the  quaternion  for  body  frame  motion  sensed  by 
gyros.  In  order  to  update  the  quaternion  for  rotation  of  the  navigation  coordinate  frame, 
an  algorithm  analagous  to  equation  (5)  (for  the  direction  cosine  matrix)  is  used  with  a 
navigation  frame  rotation  quaternion  rt 

q(n+l)  -  r(n)  q(n) 


r(n)  • 


-0.5  0- 
-0.5  0y 

-0.5  e*  ,1 
l-0.5(6/2)2 


(15) 


(0/2)2  «  0.25  (0*2  +  0y2  +0,2) 
where 

6x»°v«c»  *  Components  of  0  aa  defined  previously  for  equations 
y  (6)  and  (7).“ 


The  development  of  equation  (15)  parallels  the  development  of  (13).  The  equation  for 
r(n)  is  a  truncated  form  of  the  theoretical  exact  analytical  expression  (analagous  to  the 
second  order  truncated  form  of  equation  (14)).  The  02  term  in  equation  (15)  generally  is 
not  required  for  acouraoy  (due  to  the  smallness  of  0  in  typical  applications). 

As  for  the  direction  cosine  updating  algorithm  for  navigation  frame  motion,  the 
equivalent  quaternion  updating  algorithm  (equation  (15))  updating  cycle  n  need  not  be 
processed  as  fast  as  the  body  rate  cycle  m  to  maintain  equivalent  accuracy.  This  is  due  to 
the  considerably  smaller  navigation  frame  rotation  rates  compared  to  body  rotation  rates. 


3.2.4  Equivalencies  Between  Direction  Cosine  And  Quaternion  Elements 

The  analytical  equivalency  between  the  elements  of  the  direction  cosine  matrix  and  the 
attitude  quaternion  can  be  derived  by  direct  expansion  of  equations  (12).  Xf  we  define  the 
elements  of  q  as: 

a 

b 
o 
d 


q 


equation  (12)  becomes  after  expansion,  factorization  of  v‘,  and  neglecting  the  scalar  part 
of  the  v"  and  v‘  quaternion  vectors  (i.e.,  carrying  only  the  vector  components  v"  and  v*  ) : 


'(d2 


+  slz  -  b* 
2(ab  +  cd) 
2{ac  -  bd) 


-c2) 


♦  T- 

2(bc 


c 

+  ad) 


9cd)5 
2  -a2) 


(d2 


2(ac  +  bd) 

V9 


av  *  tvu , 

-  a3) 

-  a.z  - 


b2) 


(16) 


Defining  C  in  equation  (12)  ass 


C11  c12  C13 

c  = 

C21  c22  c23 

C31  c32  c33 

equation  (16)  when  compared  with 

C11  « 

d2  +  a2  -  b2  - 

c2 

cl2  = 

2(ab  -  cd) 

C13  = 

2(ac  +  bd) 

C21  - 

2(ab  +  cd) 

c22  « 

d2  +  b2  -  c2  - 

a2 

c23  = 

2(bc  -  ad) 

C31  m 

2(ac  -  bd) 

C32  «» 

2(bc  +  ad) 

C33  . 

d2  +  c2  -  a2  - 

b2 

(17) 


The  converse  of  equation  (17)  is  somewhat  more  complicated.  Using  the  property 
(from  equation  (1))  that  i 

a2  +  b2  +  c2  +  d2  ■*  1 


the  converse  of  equation  (17)  can  be  shown  (11)  to  be  computable  from  the  following  sequence 
of  operational 


T 

( 

p2 

p3 

po 


“  ?li  +  < =22  +  ^33 
■  1  +  20,1  -  T_ 

-  1  +  2C22  "  Tt 

-  1  +  2C33  -  T* 

"  1  +  T- 


If  P,  -  max  (P%,  P2.  P31  P0)»  them 

-  0.5  Pi  1/2  “ignTapj-gvioug) 

"  r21  I 

“  <Cl3  +  C31 )/4a 
“  (C32  “  C23)/4a 


a 

b 

c 

a 


If  P2  *  max  (P*.  Pj,  P3.  Pp),  them 

b  “  0.5  PU/2  •^5”^ “previous) 

c  -  (t‘32  +  C23)/4b 

<5  “  (Gl3-C31)/4b 

a  **  (c2l  +  cl2)/4b 


US) 


If  P3  ■  max  (Pi,  Po#  ?3»  Pq),  them 
c  "  0.5  P3I/2  signTcprev£OU# ) 

d  “  £21 1  r12w2c 

a  *  (C« 3  +  C31 )/4c 

b  -  (032  ♦  C23)/4c 


If  PQ  ■  max  (Pi#  P2#  P3.  P-).  them 
d  “  0.5  P4  1/2  aignidprevious^ 

b  **  (C13  ••  C31  )/4d 

e  «  <C2|  -  Cl2)/^ 
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3.3  The  Computation  Of 


3.3.1  Continous  Form 

The  ±  "body  attitude  change"  vector  is  calculated  by  processing  data  from  the  strapdown 
gyros.  Under  situations  where  the  angular  rotation  rate  vector  (sensed  by  the  gyros)  lies 
along  a  fixed  direction  (i.e.,  is  nonrotating  in  inertial  space),  the  j>  vector  is  equal  to 
the  simple  integral  of  the  angular  rate  vector  over  the  time  interval  from  computer  cycle  m 
to  conqauter  cycle  (m+1): 


1 


^m+l 


to  dt 


for  cases  when  w  is  nonrotating. 


(19) 


where 

u  =  Angular  rate  vector  sensed  by  the  strapdown  gyros. 


Under  general  motion  conditions  (when  «  may  be  rotating),  equation  (19)  has  the  more 
complex  form  (as  derived  in  (10)  or  alternatively,  in  Appendix  A); 


a(t)  ■/(<!>  +  1/2  a  x  «  +  JL ..  (1  -3  -5.|. "•■  ?.)  <*  x(a  x  oj))dt 
~  “  “  «2  (1-sino) 

in  u 


“(^tm+il 


It  can  verified  by  power  series  expansion  that  to  first  order. 


(1/a2)  (1  -.f-»t5LS)  -  1 

(l-cosa)  12 


(20) 


Hence,  a(t)  in  equation  (20),  to  third  order  acauraoy  in  a  can  be  approximated  by< 
t 


a(t)  ■  /  (w  +  1/2  a  x  w  +  _i_  a  x(a  x  w))dt 

tm  12  ”  **  ” 


(21) 


A  second  order  expression  for  a(t)  can  be  obtained  from  (21)  by  dropping  the  1/12  term. 
An  even  simpler  expression  for  a (tT  is  obtained  by  dropping  the  1/12  term,  and  approximating 
the  a  term  in  the  integral  by  the  direct  integral  of  us 


£(t) 


/  w  dt 
tm  “ 


fl£,(t)  ■  1/2  /  |  x  iii  dt 

ta 


(22) 


£(t-ta+i)  +  Mt^Wi) 


An  interesting  characteristic  about  equation  (22)  is  that  its  accuracy  is  in  fact 
conyparable  to  that  of  third  order  equation  (21).  Zri  other  words,  the  simplifying  assumption 
of  replacing  a  with  $  in  the  1/2  a  x  u  term  is  in  fact  equivalent  to  introducing  an  error  in 
equation  (21)  that  to  third  orderT  equals  the  1/12  a  js  (a  x  w)  term.  This  property  can  be 
verified  by  simulation  as  well  as  analytical  expansion  under-hypothesised  angular  motion 
conditions . 

Equation  (22)  ia  the  equation  that  ie  mechanised  in  software  in  most  modern-day 
strapdown  inertial  navigation  systems  to  calcuate  £.  It  can  be  demonstrated  analytically 
and  by  simulation  that  for  representative  vehicle  angular  motion  and  vibration,  equation 
(22)  faithfully  calculates  £  to  accuracy  levels  that  are  compatible  with  high  performance 
strapdown  inertial  navigation  eyatem  requirements. 

For  situations  where  u  is  nonrotating,  the  fig  term  in  (22)  is  tero  and  *  equals  the 
simple  time  integral  or  w“over  the  computer  interval  m  (i.e..  the  equation  119} 
approximation).  For  situations  where  «  is  rotating  (a  situation  defined  analytically  os 
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"coning"),  the  6ji  term  is  nonzero  and  must  be  calculated  and  used  as  a  correction  to  the  u 
integral  to  properly  calculate  £. 

It  is  important  to  note  that  the  accuracy  by  which  equation  (22)  approximates  (20)  is 
dependent  on  £  being  small  (e.g.,  less  than  0.1  radian).  In  order  to  protect  the  accuracy 
of  this  approximation,  the  computer  iteration  rate  must  be  high  enough  that  remains  small 
under  maximum  vehicle  rotation  rate  conditions. 


3.3.2  Recursive  Algorithm  Form 

The  implementation  of  equation  (22)  in  a  digital  computer  implies  that  a  higher  speed 
integration  summing  operation  be  performed  during  each  body  motion  attitude  update  cycle.  A 
computational  algorithm  for  the  integration  function  can  be  derived  by  first  rewriting 
equation  (22)  in  the  equivalent  incremental  updating  form: 


£(t)  =  J3(A)  +  /  w  dt 

tx 


>*+1 

6£(A+1)  ■  6£(X)  +  1/2  /  j!(t)  x  u  dt 

*X 


£(A+1)  ■  £(t“tji+1) 


(23) 


i  -  £(t»tm+1)  +  6g(t*tro+1) 


with  initial  conditions: 


|t(t-tm)  -  0 
6j)(t-tm)  «  0 


where 

X  *  High  speed  computer  cycle  within  the  m  body  rate  update  cycle. 


The  integrals  in  (23)  aan  be  replaced  by  analytical  forms  that  are  compatible  with  gyro 
input  data  processing  if  w  is  replaced  by  a  generalized  time  series  expansion.  For 
equations  (23),  it  is  sufficient  to  approximate  w  over  the  X  to  A+l  time  interval  as  a 
constant  plus  a  linear  ramp: 

w  •  A  +  B  (t  -  tjt)  (25) 


where 

A,  B  ■  Constant  vectors. 


Substituting  (25)  in  (23),  and  recognizing  with  the  equation  (25)  approximation  that: 
A(tin  -  tA)  -  1/2  (A6(A)  +  A0(X-1)) 

1/2  §(tA+1  ~  **)2  -  1/2  (£0(1)  -  ) 


where  by  definition: 

A0(X)  6  /tm  u  dt 

H  " 

yields  the  desired  final  form  for  the  j,  updating  algorithm: 
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6gu+i)  -  6£<*>  +  i/2  (£U)  +  1/6  MCA-1))  x  Ml*) 

tA+l  H+l 

A©  (Jt )  =  /  u  at  =  l  d® 

~  H  fcx 

£(X+1)  =  lU)  +  AS  (X ) 

i  =  l<t=tm+l)  +  M^t=tm+1 ) 


(26) 


with  initial  conditions! 

!(t=tm)  -  1U=0)  =0 

6£(t<*tjn)  «  6£(X“0)  =0 

where 

de  ■  Gyro  output  pulse  vector.  Each  component  (x,y#z)  represents  the  occurance 

of  a  rotation  through  a  specified  fixed  angle  increment  about  the  gyro  input 
axis  > 

A8  ■  Gyro  output  pulse  vector  count  from  X  to  X+l . 


The  computational  algorithm  described  by  equation  (26;  is  used  o.  .i  recursive  basis  to 
calculate  *  once  each  ra  cycle.  After  J»  is  calculated,  the  £  and  6jl  functions  are  reset  for 
the  next  m  cycle  j>  calculation.  The  iteration  rate  for  X  within  m  is  maintained  at  a  high 
enough  rate  to  properly  account  for  anticipated  dynamic  w  motion  effects.  Section  6. 
describes  analytical  techniques  that  can  be  used  to  assess  the  adequacy  of  the  X  iteration 
rate  under  dynamic  angular  rate  conditions. 


3.4  The  Computation  Of  jS 

The  e  vector  in  equations  (6)  and  (15)  is  computed  as  a  simple  integral  of  navigation 
frame  angular  rate  over  the  n  cycle  iteration  period! 


tn+1 

9  -  /  0  dt 

where 


(27) 


q  «  Navigation  frame  rotatio.  rate  as  calculated  in  the  navigation  software 
section  (12). 

Standard  recursive  integration  algorithms  can  be  used  to  calculate  0  in  equation  (27) 
(a.g. ,  trapezoidal)  over  the  time  interval  from  n  to  n+1.  The  update  rate  for  the 
integration  algorithm  it  selected  to  be  compatible  with  software  accuracy  requirements  in 
the  antiaipated  dynamic  maneuver  environment  for  the  user  vehicle. 


3.5  Orthogonality  And  Normalization  Algorithms 

Moat  strapdown  attitude  confutation  techniques  periodically  employ  aelf-conslatancy 
correction  algorthms  as  an  outer-loop  function  for  accuracy  enhancement.  If  the  basic 
attitude  data  is  coaputsd  In  the  form  of  a  direction  cosine  matrix#  the  self-consistency 
check  is  that  the  rows  should  fca  orthogonal  to  each  other  and  equal  to  unity  in  magnitude. 
This  condition  is  based  on  the. fact  that  the  rows  of  the  direction  cosine  matrix  represent 
unit  vectors  along  orthogonal  navigation  coordinate  frame  axes  as  projected  in  body  axes. 
For  the  quaternion#  the  eel f-cons latency  check  is  that  the  sum  of  the  squares  of  the 
quaternion  elements  be  unity  (this  can  be  verified  by  operation  on  equation  (1)). 


3.5.1  Direction  Cosine  Orthogonalixation  And  Normalisation 

The  test  for  orthogonality  between  two  direction  cosine  rows  is  that  the  dot  product  be 
aero.  The  error  condition#  then  is* 
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Eij  =  CL  CjT 
where 

=  ith  row  of  C 
C j  =  jtk  row  of  C 
T  =  Transpose 


(28) 


A  calculated  orhogonality  error  E^j  can  be  corrected  by  rotating  and  Cj  relative  to 

each  other  about  an  axis  perpendicular Jto  both  by  the  error  angle  Eij.  SinceJit  is  not 

known  whether  Ci  or  Cj  is  in  error,  it  is  assumed  that  each  are  equally  likely  to  be 

generating  the  error, Jand  each  is  rotated  by  half  of  Eij  to  correct  the  error.  Hence,  the 

orthogonality  correction  algorithm  is: 


Ci(n+1)  -  Ci(n)  -  1/2  Eij  Cj(n) 
Cj (n+1)  -  Cj (n)  -  1/2  Eij  Ci(n) 


(29) 


It  is  easily  verified  using  (29)  that  an  orthogonality  error  Eij  originally  present  in 
c^(n)  and  Cj(n)  is  no  longer  present  in  Ci(n+1)  and  Cj(n+1)  after  application  of  equation 


The  unity  condition  on  Ci  (i.e.,  normality)  can  be  tested  by  comparing  the  magnitude 
squared  of  Ci  with  unity: 

Eii  =■  1  -  Ci  C^  (30) 


A  measured  normality  error  Eii  can  k®  corrected  with: 
Ci(n+1)  -  Ci(n)  -  1/2  Eii  Ci  (n) 


(31) 


Equations  (28)  through  (31)  can  be  used  to  measure  and  correct  orthogonality  and 
normalization  errors  in  the  direction  cosine  matrix.  In  combined  matrix  form,  the  overall 
measurement/correction  operation  is  sometimes  written  as: 

Cn+1  "  cn+l/2  (I  -  Cn  C/)  cD  (32) 


3.5.1. 1  Rows  or  Columns  -  The  previous  discussion  addressed  the  problem  of  orthogonalieing 
and  nomalizing  the  rows  of  a  direction  cosine  matrix  C.  In  combined  form,  equation  (32) 
shows  that  the  correction  is: 

6C  -  1/2  (I  -  CCT)  C  (33) 


Equation  (33)  can  be  operated  upon  by  premultiplication  with  C  postmultiplication  by  cT, 
and  combining  terms.  The  result  is: 

8C  -  1/2  C  (I  -  C^c)  (34) 


The  (I  -  CTC)  term  in  (34)  is  the  error  matrix  based  on  testing  orthogonality  and 
normality  of  the  columns  of  C.  Thus,  if  the  rows  of  C  are  orthonormal iced  (i.e.,  6C  is 
nullsd),  the  columns  of  C  will  also  be  implicitly  orthonormalieed.  The  inverse  applies  if 
the  columns  are  directly  orthonormalized  with  (34).  The  question  that  remains  is,  which  is 
preferred?  The  answer  is  related  to  the  real  time  computing  problem  associated  with  tho 
calculation  and  correction  of  orthogonalisation  and  normalization  errors. 

Ideally,  the  orthogonalisation  and  normalization  operations  are  performed  as  an  outer 
loop  function  in  a  strapdown  navigation  computer  so  as  not  to  impact  computer  throughput 
requirements.  A  computational  organization  that  facilities  such  an  approach  divides  the 
orthonormalization  operations  into  submodules  that  are  executed  on  successive  passes  in  the 
outer-loop  software  path.  A  logical  division  of  the  orthonormalization  operations  into 
submodules  is  as  defined  by  equations  (28),  (29),  (30),  and  (31). 

This  implies  that  measurement  and  correction  of  orthogonalleation  and  normalization 
effects  are  performed  at  different  times  in  the  computing  cycle.  Such  an  approach  is  only 
valid  if  the  orthogonality  and  normalizations  errors  (i.e.,  Em  and  E^)  remain  reasonably 
stable  as  a  function  of  time.  ' 

To  assess  the  time  stability  of  the  orthogonality/normalization  orror  is  to  investigate 
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the  rate  of  change  of  the  bracketed  terms  in  equations  (33)  and  (34).  For  convenience, 
these  will  be  defined  ass 


Er  =  (I  -  CCT) 

Ec  *  (I  -  CTC) 

The  time  derivative  of  (35)  iss 
Er  =  -  CCT  -  CCT 
Ec  *  -  CTC  -  cTC 


(35) 


(36) 


Expressions  for  C  and  CT  can  be  developed  by  returning  to  equations  (2),  (3),  (5),  and 
(6).  These  equations  can  be  rearranged  to  show  that  over  a  given  time  interval,  the  change 
in  C  is  given  bys 

AC  *  C(A  -  I)  +  (B  -  I)C 


which  with  (3)  and  (4)  becomes  to  first  orders 

AC  =■  C($x)  -  (8x)C  (37) 

Dividing  by  the  time  interval  for  the  change  in  C,  recognizing  that  £  and  0  are 
approximately  integrals  of  to  and  fi  over  the  time  interval,  and  letting  the  time  interval  go 
to  zero  in  the  limit,  yields  the  classical  equation  for  the  rate  of  change  of  Cs 

C  “  c(bjx)  -  (£x)C  (38) 


where 

(«x),  (Ox)  ■  Skew  symmetric  matrix  form  of  vectors  w,  n. 

The  transpose  of  (38)  is  s 

£T  ■  -  (wx)  CT  +  CT  (gx)  (39) 


We  now  substitute  (38)  and  (39)  into  (36).  After  combining  terms  and  applying  equations 
(35),  the  final  result  isi 

*  er  ”  (£*)  Er 

(40) 

Ec  "  Eq  (£x)  -  (ax)  Eg 


Equations  (40)  show  that  the  rate  of  change  of  BR  is  proportional  to  BR  and  the 
navigation  frame  rotation  rate  Q,  Whereas  the  rate  of  change  of  Ec  if  proportional  to  Eg  and 
the  body  rotation  rate  Since  ^  is  generally  much  larger  than  g,  Eg  is  generally  larger 
than  Er.  It  can  be  concluded  that  ER  is  more  stable  over  time,  hence,  orthonormalizing  the 
direction  coaine  matrix  rows  (based  on  the  E»  measurement)  it  the  preferred  computational 
approaoh  if  the  real  time  computing  problem  is  taken  into  account. 


3.5.2  Quaternion  Normalization 

The  quaternion  ie  normalized  by  measuring  ita  magnitude  squared  compared  to  unity,  end 
adjusting  each  element  proportionally  to  correct  the  normalization  error.  The  normalization 
error  ie  given  byi 

Eq  *  q  q*  -  l  (41) 


It  ie  easily  verified  ueing  the  rules  for  quaternion  algebric  that  Eq  equals  the  sum  of 
the  squares  of  the  elements  of  q  minus  1.  The  correction  algorithm  ie  given  byi 

4(a)  -  l/a  E,  q(n) 


4(n*l) 


(42) 
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3.6  Direction  Cosine  Versus  The  Quaternion  For  Body  Attitude  Referencing 

The  tradeoff  between  direction  cosine  versus  quaternion  parameters  as  the  primary 
attitude  reference  data  in  strapdown  inertial  systems  has  been  a  popular  area  of  debate 
between  strapdown  analysts  over  the  past  three  decades.  In  its  original  form,  the  tradeoff 
centered  on  the  relative  accuracy  between  the  two  methods  in  accounting  for  body  angular 
motion.  These  tradeoffs  invariably  evolved  from  the  differential  equation  form  of  the 
direction  cosine  and  quaternion  updating  equations  and  investigated  the  accuracy  of 
equivalent  algorithms  for  integrating  these  equations  in  a  digital  computer  under  hypoth¬ 
esized  body  angular  motion.  Invariably,  the  body  motion  investigated  was  coning  motion  at 
various  frequencies  relative  to  the  computer  update  frequency.  For  these  early  studies,  the 
tradeoffs  generally  demonstrated  that  for  comparable  integration  algorithms,  the  quaternion 
approach  generated  solutions  that  more  accurately  replicated  the  true  coning  motion  for 
situations  where  the  coning  frequency  was  within  a  decade  of  the  computer  update  frequency. 

As  presented  in  this  paper,  both  the  quaternion  and  direction  cosine  updating  algorithms 
have  been  based  on  processing  of  a  body  angle  motion  vector  i  which  accounts  for  all 
dynamiic  motion  effects  including  coning.  These  updating  algorithms  (equation  (2)  and  (3) 
for  direction  cosines  and  (13)  and  (14)  for  the  quaternion)  represent  exact  solutions  for 
the  attitude  updating  process  for  a  given  input  angle  vector  £.  Consequently,  the  question 
of  accuracy  for  different  body  motion  can  no  longer  be  considered  a  viable  tradeoff  area. 

The  principle  tradeoffs  that  remain  between  the  two  approaches  are  the  computer  memory  and 
throughput  requirements  associated  with  each  in  a  strapdown  navigation  system. 

In  order  to  assess  the  relative  computer  memory  and  throughput  requirements  for  quater¬ 
nion  parameters  versus  direction  cosines,  the  composite  of  all  computer  requirements  for 
each  must  be  assessed.  In  general,  these  can  be  grouped  into  three  major  computional  areas* 

1.  Basic  updating  algorithm 

2.  Normalization  and  orthogonalization  algorithms 

3.  Algorithms  for  conversion  to  the  direction  cosine  matrix  form  needed  for 
acceleration  transformation  and  Euler  angle  extraction 


Basic  Updating  Algorithms  The  basic  updating  algorithm  for  the  quaternion  parameters 
is  somewhat  simpler  than  for  direction  cosines  as  expansion  of  equations  (2)  and  (3) 
compared  with  (13)  and  (14)  would  reveal.  This  results  in  both  a  throughput  and  memory 
advantage  for  the  quaternion  approach.  Part  of  this  advantage  arises  because  only  four 
quaternion  elements  have  to  be  updated  compared  to  nine  for  direction  cosines.  The 
advantage  is  somewhat  diminished  if  it  is  recognized  that  only  two  rows  of  direction  cosines 
(i.e.,  6  elements)  need  actually  be  updated  since  the  third  row  can  then  be  easily  derived 
from  the  other  two  by  a  cross-product  operation  (i.e.,  the  third  row  represents  a  unit 
vector  along  the  z-axis  of  the  navigation  frame  as  projected  in  body  axes.  The  first  two 
rows  represent  unit  vectors  along  x  and  y  navigation  frame  axes.  The  cross-product  of  unit 
veotors  along  x  and  y  navigation  axes  equals  the  unit  vector  along  the  z-navigation  axis ) . 

Normalization  And  Orthogonalization  Algorithms  -  The  normalization  and  orthogonalization 
operations  associated  with  direction  cosines  are  given  by  equation  (28)  through  (31).  The 
quaternion  normalization  equation  is  given  by  equations  (41)  and  (42). 

The  normalization  equation  for  the  quaternion  is  generally  simpler  to  implement  than  the 
orthcgonalization  and  normalization  equations  for  the  direction  cosines.  If  only  two  rows 
of  the  direction  cosine  matrix  are  updated  (as  described  in  the  previous  paragraph)  the 
direction  cosine  orthogonalization  and  normalization  operations  required  are  half  that 
dictated  by  (28)  through  (31),  but  are  still  more  than  required  by  (41)  and  (42)  for  the 
quaternion.  Since  the  orthonorraalization  operations  would  in  general  be  iterated  at  low 
rate,  no  throughput  advantage  results  for  the  quaternion.  Some  memory  savings  may  be 
realized,  however. 

A  key  factor  that  must  be  addressed  relative  to  orthonormalization  tradeoffs  is  whether 
or  not  orthonormalization  is  actually  needed  at  all.  Clearly,  if  the  direction  cosine  or 
quaternion  updating  algorithms  were  implemented  perfectly,  orthonorraalization  would  not  be 
required.  It  is  the  author’s  contention  that,  in  fact,  the  accuracy  requirements  for 
strapdown  systems  dictate  that  strapdown  attitude  updating  software  cannot  tolerate  any 
errors  whatsoever  (compared  to  tensor  error  effects).  Therefore,  if  the  attitude  updating 
software  is  designed  for  negligible  drift  and  scale  factor  error  (compared  to  sensor  errors) 
it  will  also  implicity  exhibit  negligible  orthogonalization  and/or  normalization  errors. 

The  above  argument  le  valid  if  the  effect  of  orthonormalization  errors  in  strapdown 
attituda  data  is  no  more  detrimental  to  system  performance  than  other  software  attitude 
error  effects.  This  is  in  fact  the  case,  as  detailed  error  analyses  would  reveal.  Since 
modern-day  general  purpose  computers  used  in  today's  strapdown  inertial  navigation  systems 
have  the  capability  to  implement  attitude  updating  algorithms  essentially  perfectly  within  a 
reasonable  throughput  and  memory  requirement,  it  is  the  author's  opinion  that 
orthonormalization  error  correction  should  not  be  needed,  hence,  is  not  a  viable  tradeoff 
area  relative  to  the  use  of  quaternion  parameters  veraue  direction  coeines. 

Algorithms  For  Conversion  To  The  Direction  Cosine  Matrix  -  If  the  basic  calculated 


3-15 


attitude  data  is  direction  cosines  directly,  no  conversion  process  is  required.  For  cases 
where  only  two  rows  of  direction  cosines  are  updated,  the  third  row  must  be  generated  by  the 
cross-product  between  the  two  rows  calculated.  For  example » 


C31  51  C12  c23  "  c13  c22 

c32  "  cl3  ^21  "  C11  c23 

c33  B  C11  c22  “  C12  C21 


(43) 


For  quaternion  parameters,  equation  (17)  must  be  implemented  to  develop  the  direction 
cosine  matrix,  a  significantly  more  complex  operation  compared  with  (43)  for  the  two  row 
direction  cosine  approach.  Since  direction  cosine  elements  are  generally  required  at  high 
rate  (for  acceleration  transformation  and  Euler  angle  output  extraction)  both  a  throughput 
and  memory  penalty  is  accrued  for  the  quaternion  approach.  The  penalty  is  compounded  if  the 
calculated  direction  cosine  outputs  are  required  to  greater  than  single  precision  accuracy 
(including  computational  round-off  error).  For  noise-free  acceleration  transformation 
operations  (such  as  may  be  needed  to  effect  an  accurate  system  calibration)  double-precision 
accuracy  is  needed.  The  result  is  that  equation  (17)  for  the  quaternion  versus  (43)  for 
direction  cosines  would  have  to  be  implemented  in  double-precision  imposing  a  significant 
penalty  for  the  more  complex  quaternion  conversion  process. 

Tradeoff  Conclusions  -  From  the  above  qualitative  discussion,  it  is  difficult  to  draw 
hard  conclusions  regarding  a  preference  for  direction  cosines  versus  quaternion  parameters 
for  attitude  referencing  in  strapdown  inertial  systems.  Pros  and  cons  exist  for  each  in  the 
different  tradeoff  areas.  Quantitative  conparisons  based  on  actual  software  sizing  and 
computer  loading  studies  have  led  to  similar  inconclusive  results.  Fortunately,  today's 
computer  technology  is  such  that  the  slight  advantage  one  attitude  parameter  approach  may 
have  over  the  other  in  any  particular  application  is  insignificant  compared  with  composite 
total  strapdown  inertial  system  throughput  and  memory  software  requirements.  Hence, 
ultimate  selection  of  the  attitude  approach  can  be  safely  made  based  on  "analyst's  choice" • 


4.  STRAPDOWN  ACCELERATION  TRANSFORMATION  ALGORITHMS 

The  acceleration  vector  measurement  from  the  accelerometers  in  a  strapdown  inertial 
system  is  transformed  from  body  to  navigation  axes  through  a  mechanization  of  the  classical 
vector  tranformation  equation i 

a«  «  C  a  (44) 

where 

a  ■  Specific  force  acceleration  measured  in  body  axes  by  the  strapdown 

“  accelerometers 

aN  ■  Specific  force  acceleration  with  components  evaluated  along  navigation  axes. 

The  implementation  of  equation  (44)  is  accomplished  on  a  repetative  basis  as  a  recursive 
algorithm  in  a  digital  computer  such  that  ita  integral  propertiea  are  preserved  at  the 
computer  cycle  timee.  In  this  manner,  the  velocity  which  is  formed  from  the  integral  of 
(44)  will  be  accurate  under  dynamic  conditions  in  which  aH  may  have  erratic  high  frequency 
consonants .  The  recursive  algorithm  for  (44)  must  account  for  ths  affects  of  body  rotation 
(and  sacondarily,  rotation  of  tha  navigation  coordinate  frame)  as  well  as  variations  in  a 
over  the  computer  iteration  period. 


4.1  Acceleration  Transformation  Algorithm  That  Accounts  For  Body  Rotation  Effects 

To  develop  an  algorithm  for  equation  (44)  that  preserves  its  integral  propertiea,  we 
begin  with  ita  integral  over  a  computer  eyelet 


uN 

Wl 

“  /  C  a  dt 

ta  “ 

(45) 

where 

uN 

■  change  in  ths  integral  of  equation  (44) 
over  a  computer  cycle  m 

(or  specific  fores  velocity  change) 

The  velocity  vector  in  the  navigation  cosputer  is  generated  by  summing  the  uH's 
corrected  for  Coriolis  and  gravity  affects. 


The  C  matrix  in  (45)  is  a  continuous  function  of  time  in  the  Interval  from  to  t^i. 
An  equivalent  fora  for  C  in  terms  of  its  valus  at  the  computer  update  time  (m)  let 

C  -  C(m)  A(t) 


(46) 


£<t) 

“  f.  a  dt 

mu 

u(t) 

«  a  dt 

tm  “ 

£ 

■  l(t=tntf-l> 

u 

"  “(t-tm+i) 

Equations  (48)  and  {49}  are  algorithmic  forms  of  equation  (44)  that  can  be  used  to 
calculate  uN  in  the  strapdown  computer  exactly  (within  the  approximation  of  equation  (47)). 
These  equations  show  that  the  specific  force  velocity  change  in  navigation  coordinates  is 
approximately  equal  to  the  integrated  output  from  the  strapdown  accelerometer  (u)  over  the 
computer  cycle,  times  the  direction  cosine  matrix  which  was  valid  at  the  previous  computer 
update  time.  Correction  terms  are  applied  to  account  for  body  rotation.  In  general,  the 
correction  term  involves  an  integral  of  the  interractive  effects  of  angular  w  and  linear  a 
motion  over  the  update  cycle.  The  integral  terms  have  been  coined  “sculling^  effects.  ~ 

The  equation  (49)  form  of  the  uN  equation  includes  a  1/2  |  x  u  terra  which  can  be 
evaluated  at  as  the  simple  cross-product  of  integrated  gyro  and  accelerometer 
measurements  (i.e.,  without  a  dynamic  integral  operation).  Furthermore,  it  is  easily 
demonstrated  that  for  approximately  constant  angular  rates  and  accelerations  over  the 
computer  cycle,  the  integral  term  in  (49)  ia  identically  sere.  Thia  forma  the  baeis  for  an 
approximate  form  of  (49)  which  is  valid  under  benign  flight  conditions  (i.e*,  using  equation 
(49)  without  including  the  integral  term)*  The  1/2  j)  x  u  terra  in  (49)  is  sometimes  denoted 
as  "rotation  compensation ” 


4.1.1  Incremental  Form  of  Trane formation  Operations  and  Sculling  Terms 


In  a  severe  dynamic  environment,  equations  (48)  or  (49)  would  be  implemented  explicitly 
with  the  integral  terms  mechanised  as  a  high  speed  digital  algorithmic  operation  within  the 
tj,,  to  t,a+i  update  cycle*  The  integral  terms  we  are  dealing  with  are  from  (48)  and  (49)  t 

Si  $  £"+lte{t)  *  £)  dt 

(50) 

§2  ^  1/2  J  twf^fl(t)  x  a  ♦  u(t)  x  j,})  dt 

Kith  the  equation  (SO)  definitions,  (48)  and  (49)  become* 

u»  '■».  C(»)  (u  ♦  Si)  (SI) 

OJf 

uK  «  C(m)  (u  *  1/2  j  x  u  ♦  §a>  (52) 


Recursive  algorithms  for  §i  or  s3  can  bs  derived  by  first  rewriting  (50)  in  the 
equivalent  form* 

J(t)  »  j}U)  +  /6  j  dt 


u(t)  *  u(i)  ♦  /  a  dt 


t  ail 

jn(lH)  »  ji(4)  *  /  (j)(t) 

t4 

t  j.4,1 

jbUH)  *  jq( l)  *  1/2  /  (jit)  x  a  +  u(t)  x  &)  dt 

j(A>l)  “  0(t“t  i4i ) 

u<A*i)  *  t  xe-i  > 

Si  -  ji(t-tw>1) 

§2  '  ja(t-t_n) 


(53) 


with  initial  conditions 


£(t=*m>  =■  0 

u(t-tm)  =»  0 

ll^t-tjj,)  =*  0 

X2(t-tm)  a  o 


where 

1  =■  High  speed  computer  cycle  within  m  lower  speed  computation  cycle. 

The  integrals  in  (53)  can  be  replaced  by  analytical  forms  that  are  compatible  with  gyro 
and  accelerometer  input  data  processing  if  u  and  a  are  replaced  by  a  generalized  time  series 
expansion*  For  equations  (53),  it  is  sufficient  to  approximate  w  and  a  over  the  1  to  1+1 
time  interval  as  constants.  Using  this  approximation  in  (53)  yields  the  final  algorithm 
forms.  For  Sj_#  the  companion  to  equation  (51),  the  algorithm  is* 

Xj.U+1)  -  XiU)  +  (PU)  +  1/2  A£(l)}  x  Av(l) 

£(1+1)  -  £(!)  +££(*> 

where 

tf  J.I  11+1 

AC  (1 )  «  /  <o  dt  ■  X  dC 
— '  ti  -  tA  ~ 

*■1+1  lf+1 

Av(l)  »  /  a  dt  *  l  dv 

“  U  "  “ 

§1  "  (55) 

For  equation  (5i)t 

u(l+l)  -  u(l)  ♦  Av(i) 

£  ■  a(twt#^) 

with  initial  conditional 

£(1***)  *  £(i«0)  -  0 

]Q(t**t„)  -  i^U-O)  •  0 

where 

dQ ,  dv,  •  Gyro  aod  accelerometer  output  poise  vectors.  Each  component  (x,  y,  z) 

represents  the  occurence  of  a  rotation  through  a  specified  angle  abou*  the 
gyro  input  axis  (for  dfl  components)  or  an  acceleration  through  a  specific 
force  velocity  change  along  the  accelerometer  input  axis  (for  dv 
components). 

AC,  Ay,  -  Gyro  and  accelerometer  pules  vector  counts  from  1  to  i+l. 

For  the  alternative  Sj  tone,  the  companion  to  equation  (52),  the  algorithm  is: 
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22U+I)  =  22^  +  V2  (il^)  x  dW*)  +  u(X)  x  AS(X) ) 
£(X+1)  .  £<X)  +  A6(Jt) 
u(X+l)  =  u (X)  +  Av(X) 
where 


,tx+l  rfcX+i 

A6{X)  =  j  w  dt  =  I  d6 
*X  “  fcX 


,  ftX+l  -tX+l 

Au(X)  =  /  a  dt  =  1  dv 
tx  *X 


and 


§2 


I2(t=tm+1) 


For  equations  (52) s 
£  =  £(t=tm+1) 
u  =  u(t=tm+1) 


(56) 


with  initial  conditions: 
£<t=tra)  =  £(X=0)  =  0 
u(t=tm)  =  u(X=0)  =  0 
I2(t=tm>  =  l2(A=0)  =  0 


Equations  (51)  with  (55),  or  (52)  with  (56)  are  computational  algorithms  that  can  be 
used  to  calculate  the  navigation  frame  specific  force  velocity  changes.  Two  iteration  rates 
are  implied:  a  basic  m  cycle  rate,  and  a  higher  speed  X  cycle  rate  within  each  ra  cycle. 

The  m  cycle  rate  is  selected  to  be  high  enough  to  protect  the  approximation  of 
neglecting  the  (jiit)x)2  term  in  A(t)  (contrast  equation  (47)  with  the  equation  (3)  exact 
form  for  A) .  This  design  condition  is  typically  evaluated  under  maximum  expected  linear 
acceleration/angular  rate  envelope  conditions  for  the  particular  application.  Typically, 
the  m  cycle  rate  required  for  aacuracy  in  the  attitude  updating  algorithms  is  also 
sufficient  for  accuracy  requirements  in  the  m  cycle  of  the  acceleration  transformation 
algorithms . 

The  X  cycle  rate  within  m  is  set  high  enough  to  properly  account  for  anticipated 
composite  dynamic  w,  a  effects.  Section  6.  describes  analytical  techniques  that  can  be  used 
to  assess  the  adequacy  of  the  S  iteration  rate  for  the  saulling  computation  under  dynamic 
input  conditions . 


4.1.3  Acceleration  Transformation  Algorithms  Based  on  Quaternion  Attitude  Data 

Equations  (51)  or  (52)  were  based  on  the  use  of  direction  cosine  data  (C)  in  the 
strapdown  computer.  If  the  basic  attitude  data  is  calculated  in  the  form  of  a  quaternion, 
the  equivalent  c  matrix  for  transformation  can  be  calculated  using  equations  (17). 
Alternatively,  the  quaternion  data  can  be  applied  directly  in  the  implementation  of  the 
tranformation  operation  through  application  of  equation  (12)  to  equations  (51)  and  (52)  t 


uN  »  q(m)  (u  +  Sj_)  q(m)*  (57) 


or 

uN  -  q(m)  (u  +  83)  q(w)* 
S2  *  1/2  |  «  u  +  8j 


(58) 
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where  u  and  the  terms  in  the  middle  brackets  are  the  quaternion  form  of  the  vector  of  the 
same  nonmenclature  defined  as  having  the  first  three  terms  (i.e. ,  vector  components)  equal 
to  the  vector  elements,  and  the  fourth  scalar  term  equal  to  zero.  The  Sj_  and  §2  terras  are 
calculated  as  defined  by  equations  (55)  and  (56). 


4.2  Acceleration  Transformation  Algorithm  Correction  For  Navigation  Frame  Rotations 


The  acceleration  transformation  algorithms  represented  by  equation  (51),  (52)  or  (57), 
(58)  with  (55),  (56)  neglects  the  effect  of  navigation  frame  rotation.  In  general,  this  is 
a  minor  correction  term  that  can  be  easily  accounted  for  at  the  n  cycle  update  rate  (i.e., 
the  computer  cycle  rate  used  to  update  the  attitude  data  for  the  effect  of  navigation  frame 
rotations).  It  can  be  shown  through  a  development  similar  to  that  leading  to  equation  (52), 
that  the  correction  algorithm  for  local  navigation  frame  motion  is  given  to  first  order  by: 


AuN(n)  »  -  1/2  J3  x  v(n) 


where 

AuN(n) 


Correction  to  the  value  of  uN  computed  in  the  m  cycle  that  occurs  at  the 
current  n  cycle  time.  (NoteT  the  m  cycle  is  within  the  lower  speed  n  cycle  time 
frame) . 

Summation  of  u(m)  over  the  n  cycle  update  period. 

Integral  of  the  navigation  frame  angular  rotation  rate  over  the  n  cycle 
period  (as  described  in  Sections  3.1.2  and  3.4) 


5.  EULER  ANGLE  EXTRACTION  ALGORITHMS 

If  the  body  attitude  relative  to  navigation  axes  is  defined  in  terms  of  three  successive 
Euler  angle  rotations  <i>,  6,  $  about  axes  z,  y,  x  respectively  (from  navigation  to  body 
axes),  it  can  be  readily  demonstrated  (9)  that  the  relationship  between  the  direction  cosine 
elements  and  Euler  angles  is  given  by: 

On  ■  cosS  com), 

Ci 2  ■  -  cosf  silty  t  siity  sin8  cotty 
Cj3  -  sin*  siity  +  coat  sine  cos4» 


C21  **  cose  sirty 

C22  *  «os4  coity  +  siity  sins  silty 
c23  *  "  »ln4  co*4  +  cotty  sins  siity 


C31  -  -  sine 
C32  “  siity  co«o 
C33  “  cotty  cosO 


For  conditions  where  /o /  *  %  ft  the  invorse  of  equations  (60)  can  bo  used  to  evaluate  the 
Euler  angles  from  the  direction  cosines: 


tan 


-  tan 


C32 


C31 

/  (l~C3i2) 


C21 


For  situations  where  A>/  approaches  s/2,  the  4  and  4  equations  in  (61)  become 
indeterminate  because  the  numerator  ana  donoainator  approach  zero  simultaneously  (see 


t  ...  • 


la/  »  *  .  ' 

t  ^ 

r  •. 

!■>  >4  iWxi."*.  rmf  ■ 


I  • 


ft  _  .• 


ft  ft. 


SL . 


equations  (60)).  Under  these  conditions,  an  alternative  equation  for  ♦  ,  <|>  can  be  developed 
by  first  applying  trigonometric  algebra  to  equations  (61)  to  obtains 

c23  +  C12  =  ~  U  sin(4>  +  $) 

Cio  -  Co?  *  (sine  -  1)  cos(4>  +  $) 

1J  22  (62) 

c23  “  ^12  =  (sin®  +  1)  sin(4>  -  ♦) 

Ci 3  +  C22  =  (sine  +1)  cos(4>  -  ♦  ) 

Taking  appropriate  reciprocals  of  sine,  cosine  terras  in  (62)  and  applying  the  inverse 
tangent  function: 


For  e  near  +  */2 


<1>  ” 


-1 

tan 


c23  “  C12 
cl3  +  c22 


For  6  near  -  s/2 


<!>  +  ♦“ 


.  -1  C23  +  Cl2 

tan  - _ * - - 

C13  ~  c22 


(63) 


Equations  (63)  can  be  used  to  obtain  expressions  for  the  sum  or  difference  of  <t>  and  ♦ 
under  conditions  where  /©/  is  near  n/2.  Explicit  separate  solutions  for  <1>  and  ♦  cannot  be 
found  under  the  /9/  »  s/2  condition  because  <l»  and  ♦  both  become  angle  measures  about 
parallel  axes  (about  vertical),  hence,  measure  the  same  angle  (i.e.,  a  degree  of  rotational 
freedom  is  lost,  and  only  two  Euler  angles,  0  ■  ±  s/2  and  4>  or  ♦  define  the  body  to 
navigation  frame  attitude).  Under  /©/  near  s/2  conditions,  0  or  4>  can  be  arbitrarily 
selected  to  satisfy  another  condition,  with  the  unspecified  variable  calculated  from  (63). 

As  an  example,  <l>  might  be  set  to  a  constant  at  the  value  it  had  from  equations  (61)  when  the 
/9/  near  */2  region  was  entered,  this  selection  avoids  jumps  in  4>  as  the  solution  equation 
is  transitioned  from  the  (61)  to  the  (63)  form. 


6.  ALGORITHM  PERFORMANCE  ASSESSMENT 

The  division  of  the  attitude  updating  and  acceleration  transformation  algorithms  into 
high  and  low  speed  loops  for  body  notion  effects  (A  and  m  rates)  provides  for  flexibility  in 
selection  of  the  iteration  rates  to  maintain  overall  algorithm  accuracy  at  system  specified 
performance  levels.  The  A  and  m  rats  algorithms  havs  been  dssignsd  such  that  the  high  rate 
A  loop  consists  of  simple  computations  that  can  bo  itsratad  at  the  high  rate  needed  to 
properly  account  for  high  frequency  vibration  effects.  The  ra  rata  loop  algorithms,  on  the 
other  are  more  complicated,  based  on  computationally  exact  solutions. 

Iteration  rates  for  tha  m  loop  are  selected  to  maintain  accuracy  under  maximum  maneuver 
Induced  raotion  condition!.  The  m  loop  iteration  rate  to  maintain  accuracy  under  maximum 
maneuver  conditions  can  be  easily  evaluated  analytically,  or  by  simulation,  through 
competition  of  the  actual  algorithm  solution  with  the  Taylor  series  truncated  forms  selected 
for  system  mechanisation.  Iteration  rates  for  the  A  loop  are  selected  to  maintain  accuracy 
under  anticipated  vibratory  environmental  conditions. 


6.1  Vibration  Environment  Assessment 

A  fundamental  calculation  that  ahould  be  performed  prior  to  the  analysis  of  A  loop 
algorithm  iteration  rato  requirements  is  an  assessment  of  the  dynamic  Inputs  that  must  be 
measured  by  the  algorithms.  In  essence,  this  consists  of  an  evaluation  of  the  continuous 
(i.e.,  Infinitely  fast  iteration  rato)  form  of  the  algorithms  in  question  under  dynamic 
input  conditions.  The  specific  continuous  form  equations  of  interest  are  equations  (22) 
for  and  (SO)  for  Sj  or  S2< 


6.1.1  Dynamic  Environment  Assessment  (Coning) 

We  repeat  equations  (22)  for  6£  evaluated  at  t  ■  tB*i« 
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£(t)  **  J  w  dt 

(64) 

=  1/2  /  m+1!<t)  x  w  dt 

% 


and  analyse  the  solution  for  dptf^,^)  under  general  cyclic  motion  at  frequency  f  in  axes  x 
and  y  with  angular  amplitudes- 8*,  6y  and  relative  phase  angle  4  siich  that; 


w  dt  =  (8X  sin(2*ft),  8y  sin(2«ft+4),  o)T 

(65) 

u  *  2nf  (0X  cos(2nft),  6y  cos(2itft+4),  0)T 

Substituting  (65)  in  (64),  expanding  through  application  of  appropriate  trigonometric 
identities,  and  carrying  out  the  indicated  integrals  analytically  between  the  assigned 
limits,  yields  zero  for  the  x,  y  components  and  the  following  for  the  z  component  of 
Mtt’WiI* 


6pz(t=tm+i) 


■  *  8,  8y  (ein*)  f  ((tjn+i  -  tra) 


sin  2xf(tm+1  -  tm)  ^ 
__ 


Defining  the  m  cycle  time  interval  as  Tm,  the  latter  exression  is  equivalently: 

,  >  t  Bin  2*fTm. 

60*  -  *  9X  8V  (sin4)  f  Tm  (  1  - - ™)  (66) 


Hence,  even  though  the  w  rate  ia  cyclic  in  two  axes  as  defined  by  equation  (65)  in  x  and 
y,  the  value  for  6p,  is  a  constant  proportional  to  the  sine  of  the  phase  angle  between  the 
x,  y  angular  vibrations.  Under  conditions  where  4*0  (defined  as  "rocking"  motion),  is 
zero.  Under  conditions  where  4  •  it/2,  6p_,  is  maximum.  The  equation  (65)  rate  when  4  *>  */2 
has  been  termed  "coning  motion"  due  to  the  characteristic  response  of  the  z  axis  under  this 
motion  Which  describes  a  cone  in  inertial  space. 

Equation  (66)  can  be  put  into  a  "drift  rate"  form  by  dividing  the  6pB  angle  by  the  time 
interval  over  which  it  was  evaluated: 

60e  «  *  0X  8y  (sin*)  f  (  1  -  — *^**J^?  )  (67) 


Equation  (67)  is  a  fundamental  equation  that  can  be  used  to  assess  the  magnitude  of 
6p«  thet  must  be  accounted  for  by  the  6p  computer  algorithm  under  discrete  frequency  input 
conditions.  If  6pt  is  small  relative  to  system  perfortaanoe  requirements,  it  can  be 
neglected,  and  the  i  loop  algorithm  for  6f)  need  not  be  implemented. 

Equation  (67)  describes  how  can  be  calculated  for  a  discrete  input  vibration 
frequency  f.  In  a  more  general  case,  the  input  rate  ie  composed  of  a  mixture  of  frequencies 
in  x  and  y  at  different  phase  angles  4  for  each.  If  the  source  of  the  gereralized  angular 
vibration  is  random  input  noise  to  the  strspdown  system,  the  x,  y  motion  ie  colored  by  the 
transmission  characteristics  of  the  noise  input  to  the  x,  y  angular  response.  A  wore 
general  development  of  equation  (67)  that  accounts  for  the  latter  effects  shows  that  the 
comparable  equation  for  6px  is  given  by: 

60s  -  /*  w  A*(u)  *y<«)  •ift(*Ay<w)  “  ♦ax<u>)  U  *  d«  (68) 

where 

Av(u),  Ayfw)  *  Amplitude  of  transfer  function  relating  system  input  vibration  noise 
“  T  to  angular  attitude  response  of  sensor  assembly  about  x,  y  axes, 

4^(0),  4Av(w)  m  Phase  of  transfer  function  relating  system  input  vibration  noise  to 
*  angular  attitude  response  of  sensor  assembly  about  x,  y  axes. 
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the  x  angular  vibration  and  y  linear  acceleration  vibration.  Under  conditions  where  4=it/2, 
S2_  is  zero.  Under  conditions  Where  ♦=  0,  S2z  is  a  maximum.  Equation  (70)  motion  when 
♦=  0  has  been  termed  "sculling  motion"  due  to  the  analogy  with  the  characteristic  angular 
movement  and  acceleration  forces  imparted  to  an  oar  used  to  propel  a  boat  from  the  stern. 
Note  also  that  Slz  is  equal  to  S2z  plus  the  correction  term  (rotation  compensation)  measured 
as  the  cross-product  of  the  simple  angular  rate  and  linear  acceleration  integrals  taken  over 
the  m  computation  cycle.  (See  equations  (48)  and  (49)  for  definitions). 

Equation  (71)  for  S2z  can  be  put  into  an  "acceleration  bias"  form  by  dividing  the 
velocity  change  correction  S2Z  by  the  time  interval  Tm  over  which  it  was  evaluated: 

H.  -  Ui  «„  Dy  I  CO.*!  (1  -  <”> 


Equation  (73)  (with  (72)  for  Slz)  is  a  fundamental  equation  that  can  be  used  to  assess 
the  magnitude  of  S2Z  that  must  be  accounted  for  by  the  S1  or  S2  computer  algorithm  under 
discrete  frequency  input  conditions.  If  S2Z  is  small  relative  to  system  performance  require¬ 
ments,  it  can  be  neglected,  and  the  1  loop  algorithm  for  calculating  Sj  or  S2  need  not  be 
implemented.  Under  the  latter  conditions,  would  be  set  equal  to  the  cross-product  term 
in  (72)  which  makes  the  basic  equation  (51)  and  (52)  transformation  algorithms  identical. 

Equation  (73)  describes  how  S2s  can  be  calculated  with  a  discrete  input  vibration 
frequency  f  for  angular  motion  about  x  and  linear  motion  along  y.  In  a  more  general  case, 
the  input  rates  and  accelerations  are  conposed  of  mixtures  of  angular  and  linear  motion 
about  x  and  y  at  different  frequencies  and  relative  phase  angles.  If  the  source  of  the 
generalized  vibration  motion  is  random  input  noise  to  the  strapdown  system,  the  x,  y  angular 
and  linear  motion  is  colored  by  the  transmission  characteristics  of  the  noise  input  to  the 
x,  y  angular  and  linear  response.  A  more  general  development 4 of  equation  (73)  that  accounts 
for  the  latter  effects  show  that  the  comparable  equation  for  S2z  is  given  by: 

s2#  -  /"  (Ay(w)  Bx(w)  cos(4Ay(«)  -  ♦bx(“))  “  Axtw>  By(w) 

sinwTm 

'  ♦By(w))  (1  -  - - )  Pnn(J“)  *» 

wTa 


-  As  defined  previouely. 


■  x,  y,  amplitude/phase  linear  acceleration  response  of  the  senator 
aesembly  to  the  input  vibration* 


where 


Ax{<»),  Ay(U), 

♦**<“>•  *Ay(w>' 
Pnn^)*  “ 


£»„(«).  Mu), 


X 


By 


(u) 


«»(*Ax(w) 


(74) 


Equation  (74)  can  be  used  to  assess  the  extent  of  random  spectrum  dynamic  motion 
environment  to  be  measured  by  the  or  S2  confutations 1  algorithms.  The  s2z  value 
calculated  by  (74)  measures  the  composite  correlated  sculling  acceleration  bias  in  the 
eenecr  assembly  that  must  be  calculated  to  accurately  account  for  the  actual  motion  presant* 
If  the  §2*  magnitude  calculated  from  (74)  ie  email  compared  to  other  eyetem  error  budget 
effecte,  the  mechanisation  of  an  algorithm  to  calculate  8^  or  S2  in  the  high  rata  A  loop  ie 
not  needed  (i.e.,  S2  can  be  approximated  by  zero  in  (52)  or  Sj  can  be  eat  equal  to  the 
croee-product  term  in  (52)). 

The  extension  of  equations  (73)  and  (74)  for  y,  *  or  e,  x  axia  vibration  motion  should 
be  obvious. 


6*2  Algorithm  Accuracy  Assessment 

The  accuracy  of  tha  computation  algorithm  for  fig.  or  82  can  be  asseaead  by  comparing 
their  solutions  to  tha  comparable  continuoue  form  solutions  3iveloped  in  Section  6.1  under 
Identical  input  conditions . 


6.2.1  6g_  Coning  Algorithm  Error  Assessment 

The  computational  algorithm  for  calculating  in  a  strapdown  system  la  given  by 
aquation  (26).  A  measure  of  tha  accuracy  of  the  equation  (26)  algorithm  can  be  obtained  by 
analytically  calculating  tha  solution  generated  from  (26)  under  assumed  cyclic  motion  and 


collaring  this  result  to  the  equivalent  solution  obtained  from  the  idealized  continuous 
algorithm  described  in  Section  6.1.  For  a  discrete  frequency  vibration  input,  the  equation 
(65)  motion  can  be  used  analytically  in  equation  (26)  to  calculate  the  algorithm  solution 
for  fig  at  t  ■  t^i  (i.e.,  analagous  to  the  equation  (67)  solution  for  the  continuous 
(infinitely  fast)  algorithm.  After  much  algebraic  manipulation,  it  can  be  demonstrated  that 
the  algorithm  solution  for  fig  as  calculated  from  equation  (26)  under  equation  (65)  input 
motion,  has  zero  x,  y  components ,  with  a  z  component  rate  given  by: 


6PzALG  “  %  ®jc  0y  <sin  ♦)  (U  +  l/3  <1  "  cos  2*fTi)) 


sin  2*fTji 
2*fTjt 


sin  2*fT_ 


where 

6PzALG  *  Recurs iva  algorithm  solution  for  fipz  rate 
Tji  «  Time  interval  for  high  speed  l  computer  iteration  cycle 

Equation  (75)  for  the  fig  discrete  recursive  algorithm  solution  of  equation  (26)  is 
directly  analagous  to  the  equation  (67)  solution  of  the  equation  (22)  continuous  fig 
algorithm.  It  is  easily  vorified  that  (75)  reduces  to  (67)  as  T*  approaches  zero. 

The  error  in  the  fig  algorithm  is  measured  by  the  difference  between  (67)  and  (75) j  i.e.: 

e(6(L)  -  «  H.  8V  (sin  #>(  (1  +  1/3  <1  -  cos  2*£TJl))  -  l)  (76) 

'  y  2*fTji 

where 

s(fipB)  ■  Error  rate  in  the  equation  (26)  algorithm. 

Equation  (76)  can  be  used  to  assess  the  error  in  the  equation  (26)  fig,  algorithm  cauaad 
by  finite  iteration  rate  (i.e.,  the  effect  of  T*)  under  discrete  frequency  input  conditions. 

Under  random  vibration  input  conditions,  the  equation  (26)  algorithm  can  be  analysed  to 
obtain  the  more  general  solution  for  the  fiPjjALG  vatei 

•  m 

6PeAUO  “  /  “  sinU^e)  “  (<l 

sin  wT»  sin  ut-.  (77) 

+  1/3  (1  -  coswTi)  -  Pnn(i“>  ** 

The  ftp  algorithm  error  under  random  Inputa  la  the  difference  between  the  equation  (77) 
discrate  solution  and  the  equivalent  continuous  equation  (66)  solution  form.  The  result  lei 

e(fipB)  ■ ./  «  A^to)  Ay(«)  ein(*Ay(o)  -  ♦**(“))  ((l 

ein  ut. 

♦  1/3  (1  -  oosuTi)  -  l)  Pmi( jw)  6w 

Equations  (76)  and  (76)  can  be  used  to  assess  the  error  in  the  equation  (26)  £g 
algorithm  caueed  by  finite  iteration  rate  under  discrete  or  random  vibration  input 
conditions.  The  extension  of  equations  (76)  and  (76)  toy,  tort,  »  axis  effects  should  be 
obvious. 


6.2.2  §  Sculling  Algorithm  Error  Assessment 

The  computational  algorithm  for  calculating  8,  or  £2  **  given  by  aquations  (55)  and 
(56).  A  measure  of  the  accuracy  of  these  algorithms  can  be  obtained  by  analytically 
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calculating  the  solution  generated  from  (55)  or  (56)  under  assumed  cyclic  motion  and 
comparing  the  result  to  the  equivalent  solution  obtained  from  the  continuous  algorithm  as 
described  in  Section  6.1.2.  For  a  discrete  frequency  vibration  input,  the  equation  (70) 
motion  can  be  used  analytically  in  equation  (55)  and  (56)  to  calculate  the  algorithm 
solution  for  Si,  So  (i.e.,  analogous  to  the  equation  (72)  and  (73)  solution  for  the 
continuous  (infinitely  fast)  algorithm).  After  much  algabraic  manipulation,  it  can  be 
demonstrated  that  the  algorithm  solution  for  S^  and  S2  as  calculated  from  equations  (55)  and 
(56)  under  equation  (70)  input  motion,  has  zero  x,  y~components,  with  a  z  component  rate 
given  by: 


.  .  .  ,  sin  2itfT»  sin  2*fT. 

s2zALG  “  8Z  D  (cos*)  (  -  -  - 

2xfT^  2nfTm 

slzALG  “  i/2  (1  *  u)z  +  S2zALG 
where 


(79) 

(80) 


slzALG'  s2zALG  *  Recursive  algorithm  solutions  for  Slz,  S2z. 


Equations  (79)  and  (80)  for  the  Si,  S2  discrete  recursive  algorithm  solution  is  directly 
analogous  to  the  equations  (73)  and  T' 2 )— solution  to  the  continuous  S^,  s2  algorithm.  It  is 
easily  verified  that  (79)  and  (80)  reduce  to  (73)  and  (72)  as  T*  approacKes  zero. 

The  error  in  the  Si,  S2  algorithm  is  measured  by  the  difference  between  (79),  (80)  and 
(73),  (72)  ;  i.e.,  “  " 

e(Slz)  -  e($28)  ■  i/2  Dy  (cos*)  (1  -  (81) 

2*fTi 


where 


e(Slz),  e(S2z)  ■  Error  rate  in  the  equation  (55)  and  (56)  algorithm  solutions. 


Equation  (81)  can  be  used  to  assess  the  error  in  the  equation  (55)  and  (56)  algorithms 
caused  by  finite  iteration  rate  (i.e.,  the  effect  of  Tj)  under  disorete  frequency  input 
conditions. 

Under  random  vibration  input  conditions,  the  equation  (55)  and  (56)  algorithms  can  be 
analysed  to  obtain  the  more  general  solution  for  Sit,  83*1 

®2*  ■  /q  (*y(»)  B„(w)  COS  (#Ay(<d)  -  ♦&*(«)) 


-  **(<»)  Bytw)  cost^tw)  -  *By(u)))  (02) 

“  p^ju)  du 


8le  -  1/2  (£  X  u)z  4-  s2z 


The  Slz»  S2t  algorithm  error  under  vibration  is  the  difference  between  the  equation  (02) 
discrete  solutions  end  the  equivalent  continuous  equation  (74)  with  (72)  forms t 

etSxfc)  “  e(6j*)  “  /*  (Ay(«)  Bz(«)  coa(*Ay(w)  -  *Bx(u)) 

'  -  *,(<•»)  By(«)  coe(*xx(u)  “  ♦By<u)))  (  1  (B3) 

sin  wT».  .  .  ,  ^ 

- - i)  du 

uT* 


Equation  (82)  and  (83)  can  be  used  to  assess  the  error  in  the  equation  (55)  and  (56) 
algorithms  caused  by  finite  iteration  rate  under  discrete  or  random  vibration  input 
conditions.  The  extension  of  equation  (83)  to  y,  *  or  t,  x  axis  effects  should  be  obvious. 


3-27 


7.  CONCLUDING  REMARKS 

The  strapdown  computational  algorithms  and  associated  design  considerations  presented  in 
this  paper  are  representative  of  the  algorithms  being  used  in  most  modern-day  strapdown 
inertial  navigation  systems.  The  unique  characteristic  of  the  attitude  and  transformation 
algorithms  presented  is  the  separation  of  each  into  a  complex  low  speed  and  simple  high 
speed  computation  section.  Due  to  the  simplicity  of  the  high  speed  calculations  they  can  be 
executed  at  the  high  rates  necessary  to  properly  account  for  high  frequeey  but  generally  low 
amplitude  vibratory  effects  without  posing  an  insurmountable  throughput  burden  on  the 
computer.  The  lower  speed  calculations  which  contain  the  bulk  of  the  computational 
equations  can  then  be  executed  at  a  fairly  modest  update  rate  selected  to  properly  account 
for  lower  frequency  but  larger  magnitude  maneuver  induced  motion  effects.  Perhaps  the 
principal  advantage  of  the  algorithm  forms  presented,  is  their  ability  to  be  analyzed  for 
accuracy  using  straight-forward  analytical  techniques.  This  allows  the  algorithms  to  be 
easily  tailored  and  evaluated  for  given  applications  as  a  function  of  anticipated  dynamic 
environments  and  user  accuracy  requirements. 
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APPENDIX  A 

DERIVATION  OF  £  EQUATION 


A  differential  equation  for  the  rate  of  change  of  the  ♦_  vector  can  be  derived  from  the 
equivalent  quaternion  rate  equation.  The  quaternion  h  in  equations  (13)  and  (14)  is  the 
quaternion  equivalent  to  the  £  rotation  angle  vector.  A  differential  equation  for  h  can  be 
derived  from  the  incremental  equivalent  to  (13)  that  describes  how  h  changes  over  a  short 
time  period  At  (from  t*  to  t*+l)  within  the  larger  time  Interval  from  t^  to  t^^i 


h(4+l)  -  h(A)pU)  (Al) 


where 
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P 


1 93  “x 
93  ay 
93  *z 
94 


3in  (a/2) 

93  “ - 

a 


g4  =  cos  (a/2) 


(A2) 


a  «  Rotation  angle  vector  associated  with  the  small  rotation 

of  the  body  over  the  short  computer  time  interval  from  i  to 
i+1  within  the  larger  interval  from  m  to  ra+1. 


ax,<Xy,az,a  ®  Components  and  magnitude  of  a. 


Equation  (Al)  is  equivalently s 

h(*+l)-h(A)  p(A)-l 

-  “  h(*)  _ _ 

At  At 


(A3) 


At  "  Ai+1  -  tx 


The  basic  definition  of  angular  rate  states  that  for  small  At. 


a 

«  u  At 

(A4) 

a 

a  fa)  At 

Hence,  for 

small 

At,  £  is 

amall,  and  therefore,  from  (A2), 

93  * 

1/2 

a2 

«2At2 

(A5) 

94  * 

1  “  - 

_  -  1  - 

- . - 

2 

2 

Using  mixed  vector/scalar  notation,  substitution  of  (A4)  and  (AS)  in  (A2)  yields i 

P  -  «3  i  *  94 
-  1/2  w  At  1  - 


u2At2 


*  h(i)  ( A/a  u  ♦  i/2  uaAt) 


Substituting  in  (A3)  obtains t 
hU+i)  -h(i) 

In  the  limit  as  At  ♦  0,  the  latter  reduce  to  the  derivative  formi 

h  ••  1/2  h  «  (AS) 

We  now  return  to  (14)  and  express  h  as  a  function  of  £  in  mixed  vector/scaler  notation « 


h  m  hi*  U 


sin  (4/2) 


(A7) 


♦ 

fa  *  cos  (#/2) 

Substituting  in  (AS), 

h  -  1/2  fj  ♦  «  ♦  1/2  f4  w  (AS) 

It  is  readily  demonstrated  by  algebraic  expansion  and  using  the  rules  of  quaternion 
algebra  that  ♦  u  in  (AS)  is  equivalently* 


Differentiation  of  (A7)  shows  that* 


h  -  f3  1  +  f3  ±  +  £4 
.  ,  cos  */2  .  sin  e/2  . 

f3  -  1/2  _ ___  $  - - _I_  + 


-  (1/2  f4  -  f3) 

♦ 

f4  *  -  1/2  (sint/2)  *  =  -  1/2  $  4  f3 

Hence#  with  (A8), 

h  -  f3  4  +  JL  (1/2  f4  -  f3)  1  -  1/2  *  *  f3 
♦ 

-  1/2  f3  <4  x  a)  -  1/2  f3  4  •  m  +  1/2  f4  « 
Dividing  by  f3  and  solving  for  41 

i 


*4 


-  1/2  -2?-  u  +  1/2  (1  x  «} 
f3 

-  JL  (1/2  'J±-  -  1)  4  +  1/2  *  *  -  1/2  4  •  * 

♦  f3 


Equation  (A9)  is  now  separated  into  its  vector  and  scalar  conponentai 

1 

1/2  -  1/2  4  *  id 


1/2  fi.  a  +  1/2  (4  X  a)  -  --L-  <1/2  fl  -  1)  4 
«3  ♦  fa 


(A9) 


(A10) 


The  scalar  equation  is  equivalentlyi 

♦  1 

T  “  l5  A  ’  “ 

Substituting  in  the  vector  part  of  (A10)  yields 1 

4  -  1/2  J!L  u  4  1/2  (4  *  &)  “  -V  <1  ‘  i»)  1 

f3  ♦*  *3 

Using  the  vector*  triple  product  rule#  it  is  easily  demonstrated  that* 

<4  '  ±  **  ±  *  <1  *  iji  +  *2  H 

Substituting. 

1/2  JL  a  ♦  1/2  4  *  a  -  (1/2  JL  -  1)  m  +  _L  <1  -  -ii~)  4  x  (4  x  a) 

fj  f3  r  2f3 

Combining  terns j 

i  -  «  ♦  1/2  4  *  a  4 — L  (1  •>  JLl~4  4  x  <4  x  w> 

♦*  2fj 

Using  the  definition  for  f4  and  £3  from  (A7),  it  can  be  shown  toy  trigonometric 
manipulation  that  the  bracketed  coefficient  in  the  latter  expression  is  equivalently 


v-JSL 

a<3 


4-  U- 

*2  2{l^COse) 
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REQUIREMENTS,  APPLICATIONS,  AND  RESULTS  OF  STRAPDOWN 
INERTIAL  TECHNOLOGY  TO  COMMERCIAL  AIRPLANES 

Phillip  J.  Fenner 
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737/757/767  Flight  Systems  Technology  am  r*&  DA  AO 
Boeing  Commercial  Airplane  Company  I  Ill.S  ft// 

BOX  3707  "  W 

Seattle,  WA  98124-2207 

\  SUMMARY 

The  basis  for  selection  of  a  strapdown  Inertial  systee  for  short  to  medium  range  jet  transports  Is  discussed. 
Inertial  data  requirements  and  associated  performance  requirements  are  shown  for  commercial  airplanes. 

Good  performance  at  low  cost  and  high  reliability  are  key  requirements  of  Inertial  technology  application 
to  commercial  airplanes  which  do  not  have  a  long  range  navigation  need.  The  Honeywell  laser  Inertial 
reference  system  (IRS)  selected  by  Boeing  for  the  757/767/737  airplanes  Is  described,  along  with  airplane 
Installation  and  Interface  details,  j  Test  programs  Instituted  to  validate  the  design  and  reduce  program 
risk  are  described.  Performance  anavel lability  experience  date  from  Boeing  flight  tests,  and  over  the 
first  year  of  airline  service,  are  show)  to  exceed  expectations. 

INTRODUCTION  - - " 


Boeing  has  recently  Introduced  Inertial  navigation  technology  as  the  basic  airplane  system  component  for 
primary  attitude  and  heading  data  in  the  medium  range,  two  engine  airplanes,  the  757  and  767.  The  short  to 
medium  range  737-300  airplane  will  also  have  the  same  inertial  navigation  technology  as  basic  equipment 
when  delivered  in  late  1964. 

The  question  is  often  raised,  "Why  inertial  for  short  to  medium  range  airplanes?14,  because  navlgatii*)  Is 
usually  the  primary  purpose  of  installing  inertial  systems  in  commercial  airplanes. 

One  of  the  goals  of  the  new  airplane  development  programs  (757/767)  at  Boeing  was  the  following:  “Any  new 
airplane  should  include  in  the  basic  configuration,  automatic  navigation/guidance  computing  and  control 
systems  having  tits  capability  and  flexibility  to  operate  In  the  forecast  ATC  environment  and  be  relatively 
unlimited  In  its  application  without  the  necessity  for  future  expensive  modifications  to  the  avionic  systems." 

During  the  preliminary  design  phase  of  the  new  technology  transports  at  Boeing,  which  ultimately,  turned 
out  to  be  the  757  and  767  airplanes,  the  airplane  attitude  system  design  specification  was  at  a  cross-roads. 

Do  we  continue  with  20-30  year  old  technology  systems  or  is  this  the  proper  time  to  select  new  technology 
systems  at  potentially  higher  risk  and  cost,  but  which  provide  the  data  neadad  to  improva  tha  airplsns 
operational  capability? 

Boeing  has  long  recognized,  through  its  research  programs  that  inertial  navigation  systems  are  a  very 
desirable  attribute  to  any  type  of  commercial  airplane. 

The  experience  base  startsd  with  the  74?  in  1967  as  shown  In  figure  i.  continued  with  the  American  5ST 
program,  which  was  followed  b j  Bering  research  sctivitiai  using  Inertial  data  for  various  airplane  functions 
including  autoland.  advanced  displays,  and  40  navigation  and  guidanct.  A  kay  Boeing  research  activity  was 
tha  program  to  design,  build  end  fly  a  strapdown  inertial  system  to  meat  airplane  systems  requirements,  but 
at  e  cost  that  was  viable  for  short  to  medium  rang#  aircraft.  This  program  success  was  tha  stimulus  to 
study  the  applicability  of  strapdown  technology  on  new  airplane  programs. 

This  report  Is  organized  first  with  discussion  of  Inertial  data  r«quir*w*nt*  for  commercial  airplanes, 
followed  by  the  candidate  systems  considered,  and  system  perform**:*  reqvirsmsnt*  development.  The  strapdown 
Inertial  development  work  at  Boaing  Is  than  cow red  and  finally,  a  description  of  the  system  and  test 
experience  with  the  loser  strapdown  system  on  tha  757  and  767  airplanes,  is  provided  which  la  the  primary 
focus  of  tha  report 

INERTIAL  DATA  REQUIREMENTS 

An  axsmination  of  the  functional  requirements  for  l.tertlal  data  on  commercial  airplane*  shows  thst  significant 
laprovaments  In  olrpiana-operating  capability  are  gained  from  using  attitude  data  that  arm  insensitive  to 
airplane  maneuvers,  and  ground  veferenesd  velocity  vector  data.  Thess  airplane-system  functions  and  their 
required  inertial  date  ere  shown  in  Table  1.  To  satisfy  all  of  these  requirements,  an  inertial  quality 
attitude  system,  and  spectfcally  a  strapdown  configuration,  must  be  specified.  Gravity  erected  attitude 
systems  do  not  provide  the  range  of  data  nor  tha  quality  of  data  desired,  end  global ltd  inertial  systems 
arm  too  costly,  and  not  all  the  desired  dele  ire  available. 

With  a  strapdown  s.iertial  reference  system,  a  commercial  airplane  has  for . the  TieRt  tiW  *  s«i f^ontained 
data  system  that  cetgletmly  determines  the  airplane's  state  -  a  desirable  feature,  for  *i*{>\*m  ijwjiicOblens 
now  and  for  improvements  Is  the  future. 

A  description  of  tht.  kay  applications  of  Inertial  data  to  the  airplane  system*  Which  can  sfgnficanfciy  ; 
improva  as  commercial  transport's  operability  Is  given  in  the  foMcwioj  paragraphs. 

_  .  .  .  y  .  -  - v  x 

Mivtdatlon/Culdance 

Continuous,  very  low  hole*,  acceleration,  velocity  and  pc-ii*  On  data,  from  in  inertial  ftsferanc*  CYstt*  can 
be  used  to  Improve  the  accuracy  and  response  characteristics  of  a  radio  based  («.g. ,  tfOVDNE)  navigation 
system.  Excellent  ground  referenced  high  frequency  data  jrw*  title  type  of  attitude  system  ctsaplements  the 
noisy,  lower  data  rate  from  Rf  navigation  aids  whose  performance  it  dependent  sn  si-jiloo  geometry  and 
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distance  And  are  also  Inurrupted  periodically  for  station  changing,  H*vj8«t|on  accuracy  and 
capture  and  tracking  are  lap roved  with  en  Inertial  data  aided  syste*,  This  will  be  particularly  important 
in  high  density  tartainal  areas  where  congestion  vl.11  require  tighter  path  control,  _ for  growth  to  tie* 
navigation  which  Is  expected  to  bt  employed  In  the  high  density  terminal  araaa  of  tha  1980's,  the  ground 
referenced  data  avail able  fro*  an  inertial  quality  attitude  syste*  la  required.  Boeing  achieved  i  $-*acond 
Average  40  error  using  this  type  of  syste*  on  the  KASA  Terminal  Configured  Vehicle  (TCV)  ptogra*  using  a 
737  airplane.  this  performance  eatisfies  the  tine  Nov  requirements  predicted  by  many  air  traffic  control 
analytes. 

long  range  navigation  requireeents  usually  require  Installation  of  an  additional  syste*  that  is  certified 
as  sale  ntans  or navigation.  If  an  inertial  refarence  systae  vat  installed  as  the  basic  attitude  tyetab, 
ti«  long  range  navigation  r*qui***nt*  could  be  satisfied  autoeatteally,  essuaing  the  navigation  performance 
It  adequate  for  averwatar  navigation. 


Investigations  indicate  that  the  optleae  Hath  for  aaxieue  ground  nautical  eiles/pound  of  fuel  1«  v1n4  are 
Shifted  fro*  the  handbook  (still-air)  values,  Knowledge  of  ground  speed  would  therefore  be  beneficial  in 
selecting  the  optieue  Hath  under  headeind/tailvlnd  conditions.  High  quality  estimates  of  ground  spaed  are 

available  fro*  inertial  navigation  systa*s,  for  this  function. 

01 splay* 


•anwwars.  large  thrust  changes,  for  eaxiaua  crew  confidence,  and  less  nuisance  warnings  fro*  Instrueert 
Cowrfalora,  attitude  and  heading  are  desired  fro*  a  source  that  Is  insensitive  to  airplane  maneuvers, 
these  data  are  only  available  fro*  an  Inertial  reference  syste*.  Advanced  display  (CRT  type)  reseinii  hy 
Boeing,  both  night  and  simulation,  has  stwn  that  properly  displayed  flight  path  acceleration  and  velocity 
provides  proved  thrust  tsanagteeni  capability  sod  eor#  precise  airplane  control.  These  data  are  »nly 
available  fro*  cn  Inertial  attitude  reference  syste*. 

Current  pneueatlc  vertical  speed  indicators  indicate  false  rates  In  roll  maneuvers  due  to  the  selsaic  ftass 
In  the  instruMfit  sensing  the  centripetal  accelerations,  Electric  instrtiaants  will  eliminate  tills  problem, 
but  taveral'secondi  of  filtering  en  the  noisy  air  data  computer  altitude  rat*  signal  is  reguiwd  to  strata 
acceptable  display  characteristics,  this  filtering  adds  lag  to  the  data  and  hardware  to  the  display.  *!• 
theiS  problemscan  ba  obviated  by  providing  instantaneous,  low  noise  vertical  speed  fro*  an  inertial  att-tudi 
refervhi*  s/sttm,  which  is  insensitive  to  maneuvers,  and  atmospheric  noise. 
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Table  1.  New  Airplane  Functions  Requiring  Inertial  Data 


Function 

Data  Required 

Comments 

Navigation/guidance,  precise  path 
control,  Improved  NAV  accuracy 

Low  noise,  high  frequency,  earth  ref¬ 
erenced  acceleration,  velocity  and 
position 

Improves  accuracy/response.  Allows 
paths  without  VORTAC  recaption 

Time  NAV  (40) 

Ground  reference  velocity  end 
acceleration 

More  efficient  control  for  those 
terminals  with  time  controlled  flow 

Long  range  NAV 

Self-contained,  accurate  present 
position 

Provide  overwater  navigation  where  needed 

Energy  management 

Ground  speed 

Need  to  know  wind  continuously  to 
determine  optimum  Mach  for  maximum 
ground  nm/lb  of  fuel 

Dlsplaya 

Accurate  attitude 

Attitude  Insensitive  to  environment 

Improved  weather  radar  stabilization 
and  crew  confidence 

Accurate  vertical  speed 

Inertial  vertical  velocity 

Improved  high  frequency  response 
and  vertical  wind  shear  detection 

Takeoff  acceleration,  flight 
path  angle 

Longitudinal  acceleration,  ground 
reference  velocity  vector 

Engine  thrust  monitor.  Allows 
better  thrust  management  and 
airplane  control 

Flight  path  acceleration 

Ground  reference  acceleration  vectors 

Allows  predicted  path  to  be  displayed 
on  map  display 

Automatic  Flight  Control 

Autoland 

Attitude  Insensitive  to  environment. 

Ground  referenced  velocity  vector, 
body  rates 

Improves  control  performance  required 
for  Cat  lit  and  offers  performance 
gains  for  poor  ILS  facilities  and 
wind  shear  conditions 

Rollout 

Ground  speed,  track,  track  rate, 
body  rates 

Longitudinal  guidance  needs  to  know  dis¬ 
tance  traveled  and  track  deviations 

Response/Performanca  Improve¬ 
ments  In  other  modes 

Along  track  acceleration,  vertical 
velocity,  vertical  acceleration,  track, 
ground  speed,  stable  attitude,  heading, 
body  rates 

Better  response  characteristics  with 
accurate  attitude  and  earth  referenced 
acceleration  and  velocity  data 

Wind  shear  detection 

Ground  reference  velocity  acceleration 

Allows  comparison  of  airspeed  and 
ground  speed  for  shear  Indication 

Over  rotation 

Pitch,  pitch  rate 

Allows  precise  calculation  of  predicted 
pitch  t  >gle 

Antl-ekld 

Ground  apeed 

Improves  performance  under  hydroplaning 
conditions 

Autobrake 

Ground  speed/acceleration 

Provides  Improved  control  and  repeat¬ 
ability 

Note  gear  steering 

Ground  speed 

Mora  accurate  then  airspeed  at  tow  apeeda 
(or  gain  scheduling 

Auto  thrust  reversal 

Ground  speed 

Ground  speed  wiU  allow  more  precis* 
scheduling 

Autopilot/Autoland 


The  classic  autoland  problem  is  to  derive  a  signal  proportional  to  cross-track  velocity  for  damping  in  the 
approach  mode.  This  is  difficult  to  achieve  because  of  beam  noise,  bends,  wind  shear,  turbulence,  and 
inaccurate  roll  attitude  data,  A  common  method  to  obtain  X-lrack  velocity  1»  called  lagged  roll  which 
depends  heavily  on  roll  attitude  accuracy  because  the  dominant  damping  signal  is  derived  from  the  term, 
gsiniji,  where  41  is  roll  angle.  A  lateral  body  mounted  accelerometer  is  also  used  in  this  damping  scheme 
(747  type)  and  its  use  restricts  approaches  to  constant  speed  because  of  errors  developing  from 
longitudinal  acceleration  during  decelerating  approaches  coupling  Into  the  lateral  accelerometer  during 
crabbed  (crosswind)  approaches. 
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An  IRS  system  provides  the  accurate,  unperturbed  roll  attitude  signal  plus  true  cross-track  acceleration 
and  velocity  Independent  of  wind  or  airplane  deceleration  conditions.  No  maneuver  restrictions  are 
required.  The  inertial  cross-track  velocity  Information  (drift  angle,  track  angle,  track  angle  rate)  in 
addition  to  the  required  roil  attitude  accuracy,  have  been  shown  by  Boeing  to  aid  significantly  during 
transient  conditions  such  as  large  beam  bends,  overflights,  winds,  and  landing  aid  faults. 

Other  autopilot  modes,  such  as  autothrottle  and  altitude  hold,  can  provide  better  performance  with  true 
along-track  and  vertical  acceleration  data,  rather  than  attitude  compensated  longitudinal  and  normal 
acceleration  sensor  data. 

Control  damping  requires  body  angular  rate  and  linear  acceleration  data.  Contemporary  flight,  control 
systems  have  utilized  body  mounted  sensors  to  satisfy  this  requirement.  Strapdown  attitude  systems,  either 
inertial  or  non-inertlal,  can  now  provide  this  data,  thus  eliminating  the  need  for  16  sensors  in  a 
3-channel  fail-op  system  and  12  sensors  in  a  dual  fail-passive  system. 

Autobrake/Anti ski d 

Most  an'iskld  systems  rely  on  measurement  of  wheel  rotation  for  determining  airplane  ground  velocity  and 
wheel  lockup  (skid)  to  control  braking  forces.  Unsatisfactory  operation  occurs  when  wheel  speed  Is  not  a 
true  measure  of  airplane  ground  velocity.  This  is  especially  sensitive  during  hydroplane  conditions. 
Therefore,  some  external  measurement  of  ground  speed  Is  considered  essential  to  Improve  modern  antiskid 
systems. 

The  autobrake  systems  currently  average  several  wheelspassd  signals  and  differentiate  the  average  to  obtain 
a  measurement  of  airplane  deceleration.  This  has  provided  to  be  less  than  satisfactory  end  often  results 
in  excessive  or  insufficient  braking.  Acceleration  data  fro«  the  inertial  reference  system  would  eliminate 
these  current  braking  inefficiencies. 

INERTIAL  DATA  SYSTEM  CANDIDATES 

Airplane  attitude  reference  systems  may  be  partitioned  into  two  generic  types;  Schuler* tuned  (inertial) 
and  gravity  erected  vertical  references.  A  primary  difference  between  the  two  types  Is  the  quality  of  the 
attitude  and  heading  data.  A  Schuler-tuned  system  is  capable  of  providing  accurate  attitude  (<  .05°)  and 
heading  unperturbed  by  airplane  maneuvers,  which  can  cause  errors  of  several  degrees  In  the  gravity  erected 
systems.  There  are,  in  addition,  other  data  available  from  an  Inertial  system  which  are  not  present  In  any 
gravity  erected  system.  These  are  navigation  data  (latituJe/longitude),  flight  path  velocity  vector,  drift 
angle,  flight  path  acceleration  vector,  true  heading,  and  synthesized  magnetic  heading  (no  magnetic  sensor 
required). 

Boeing  research  studies  for  the  new  airplane  programs  included  in  depth  reviews  of  new  attitude  system 
technology  which  could  be  considered  candidates  for  the  new  airplane  programs,  meeting  most  or  all  the 
requirements  shown  In  Table  1.  These  candidates  Included  strapdown  attitude/heading  reference  system 
(AHRS)  as  well  as  strapdown  inertial  navigation  systems. 

Ths  AHRS  systems  ara  basically  gravity  referenced  systems,  and  gave  tha  desired,  improved  vertlcality,  but 
did  not  provide  the  inertial  navigation  quality  velocity  and  other  related  parameters  felt  to  be  needed,  in 
«  good  inertial  sensing  system.  For  example,  the  AHRS  needed  radio 'da. ...a  combined  with  the  system 
acceleration  data  to  davelopa  reasunsbla  velocity  information.  This  system  elso  depended  on  air  data  and 
magnetic  field  sensors  to  obtain  the  vsrticalUy  during  mawvuer*  end  for  stabilized  magnetic  heeding. 

Thus,  a  rather  complex  system  was  required  to  obtain  the  basic  inertial  data  and  still  had  limited 
information  capability  and  vary  limited  growth  potential.  In  addition,  it  was  not  clear  from  an  in-house 
system  design  synthesis  of  each  system  type  that  a  significant  cost  advantage  was  held  by  AHRS  over  strapdown 
inertial  systems.  A  review  of  table  2  shows  ths  limitations  of  this  type  of  system  end  other  candidate 
attitude  systems  when  compared  against  the  requirements.  The  strapdown  inertia)  navigation  system  is  shown 
to  fulfill  tha  requirements  for  inertial  data. 


Cost  has  been  a  problem  that  prevented  wide  application  of  this  kind  of  system.  Long-range  airplane 

applications  have  baen  economically  viable  because  the  human  navigator  may  be  eliminated.  Boeing  studies  .  1  . 

in  1873  indicated  the  economy  of  strapdown  inartial  systems,  if  the  functions  provided  by  the  conventional  -  ■  ; 

attitude  and  heading  reference  systems  and  the  body-mounted  Inertial  sensor*  used  for  flight  control  are 

replaced  by  the  inertial  system. 

Cost  of  ownership  studies  were  performed  to  substantiate  the  viability  of  this  technology -as  c  basic  sensing  »' 

system  to  Boeing  airplanes  for  applications  other  than  long  range  navigation.  A  summary  of  this  activity  “  ’"™" 

Is  shown  In  Table  3.  The  difference  between  instelled  cost  and  unit  cost  it  the  incurred  expense  for  test 

and  calibration  after  airplane  installation.  The  greatest  differential  in  this  category  is  for  tha  conventional 

vertical  gyro  based  system  because  of  its  large  number  of  components.  From  this  cost  trade  study,  it  was 

concluded  that,  although  the  inertial  reference  system  was  somewhat  more  expensive  than  other  non-inertial 

quality  candidates,  the  system  capability  warranted  the  extra  investment. 


In  summary  two  baste  questions  had  to  be  answered  by  Boeing  engineering  to  satisfy  the  Boeing  and  airline 
management  teats  for  new  airplane  development:  “Why  inertial*1,  and  how  do  you  justify  the  probable  increase  “  ■  / 

in  unit  (black  box)  cost? 


The  answers  to  these  two  questions  are  suamarized  in  Table  4  and  5.  To  satisfy  the  criteria  of  Table  5 
required  a  break  through  in  inartial  system  technology  from  that  used  in  the  high  cost  gimballed  systems 
which  could  be  used  on  a  cost  effective  basis  only  on  long  range  transports.  The  technology  most  promising 
at  the  tifae  was  tha  strapdown  inertial  mechanization  which  Is  summarized  in  Table  6. 

. 
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Table  2.  Attitude  Systems  Performance  Comparison 


757/767  Study  Configurations 

Function 

Require.  For 
New  Airplane 

Existing  Fleet 
Capabilities 

Strapdown 

Inertial 

Glmbal  INS 
(Low  Cost) 

Glmbal 

Att/Hdg 

System 

Strapdown 

AtVHdg 

System 

Attitude 

0.1°  under  all 
conditions 

04° 

2-5°  under 
maneuvers 

0.05° 

0.2° 

0.5° 

2°  (transient) 

0.25° 

1°  (transient) 

Magnetic  heading 

2°  under  aH 
conditions 

2°,  5°  unctor 
mtntuw* 

2° 

2° 

2° 

5°  (transient) 

2° 

<5°  (transient) 

True  heeding 

<04° 

Not  available 

<045° 

<045° 

Not  available 

Not  available 

Ground  speed 

<10  kn 

Not  available 

8-10  Kn 

6-6  Kn 

Not  available 

Requires  VOR/DME 
true  airspeed  data 

Track  ref.  accei. 

0.01g 

Not  available 

0.001  g 

O.OOIg 

Not  available 

Requires  VOR/DME 
true  airspeed  data 

Track  angle 

<3° 

Not  avallabis 

<3° 

<3° 

Not  available 

Requires  VOR/DME 
true  airspeed  data 

Flight  path  angle 

04° 

Not  available 

<04° 

<04° 

Not  available 

Requires  VOR/DME 
true  airspeed  data 

Track  tangle  rats 

0.25° /sec 

Not  available 

<045°/sec 

<045°  /sec 

Not  available 

Requires  VOR/DME 
true  airspeed  data 

Body  angular  rate 

O.IVsec 

Not  available 

0.015°/aec 

Not  available 

Not  available 

0.01° /sec 

Present  position 

<2  nm/hr 

Not  available 

<2  nm/hr 

<2  nm/hr 

Not  available 

Not  available 

Vertical  velocity 

<1  ft/sec 

Not  available 

<1  ft/aec 

<1 IV  sec 

No'  available 

3-4ft/aeo 

B^dy  ret.  accei. 

0.01B 

Not&vtUflbk 

0.001  g 

Not  available 

Not  available 

0.01  g 

Interfaces 

Digital 

Analog 

Digital 

Analog/digital 

Digital 

Digital 

Flyaway  coai/channv! 

S33K 

$33K 

•37 

tSOK 

$27  K 

$27  K 

Risk 

Low- medium 

Low 

Medium 

Medium-high 

Low-medium 

Medium-high 

Table  3.  Cost  ol  Ownership  Summery  lor  Inertial  Data  Alternatives,  Brlckwall 


Cost  Parameter 
(S/PL  Hr/Channel) 

Inertial  Systems 

Heedlng/Attttude  Systems 

ARINC561  (747) 
CtmbaHed  (Actual 
Cost  Data) 

Strapdown 

IRS 

(2nd  Order  AHRS) 
Digital  Interfaces 

VG/OG 

(1st  Order  Leveling) 
(Actual  Coal  Data) 

Direct  maintenance 
coat  (shop) 

144 

045 

041 

047 

Direct  operating 
cost  (shop,  burden, 
tort,  daisy) 

AM 

1.7 

141 

1.73 

Amortized 
equipment  cost 

4,72 

14 

042 

042 

installed  cost 
(unit  cost) 

>$100K/(64X) 

S37Kr(36K) 

$27K/(24K) 

S33K/(23K) 

Table  4.  Why  Inertial? 


•  Attitude/ Heading  Unperturbed  by  Airplane  Dynamic* 

•  Attitude  display*  without  error* 

•  Eliminate*  cockpit  nuisance  warning*  during  maneuver* 

•  Improved  autoland  performance 

•  Weeth'r  radar  stabilization  problem*  eliminated 


•  Qt'vund  Referenced  Data 

•  Wind  vector 

•  Improved  display* 

•  Wind  shear  detection 

•  Improved  autoland  performance  and  capability 
»  Improved  path  control 

•  Time  navigation  Improvement* 

•  Enhance  energy  management  computation* 


•  Improved  Navigation  Performance  and  Operation 

•  Smooth  vortac  navigation 

•  Allows  paths  without  vortac  reception 

«  Inherent  over  water  navigation  and  direct  rout*  operation 


•  Growth 

•  Self-contained  data  system  to  completely  determine  airplane's  state 

•  Taxi  speed  monitor 

•  Overweight  landing  monitor 

•  770  accol  monitor 

•  Aute  thrust  reversal 

•  Noe*  wheel  steering 


7a«*  5.  How  Do  We  Justify  Inertial  lor  767/767? 


Confidence  In  this  technology  was  achieved  with  the  Boeing  strapdown  research  program  described  In  the  next 
section.  The  results  of  this  Internal  IR4D  spawned  an  Industry  "fly-off  competition  which  Is  described  In 
the  section  after  next,  end  confined  that  Industry  had  the  technology  with  acceptable  risk  for  a  commercial 
airplane  venture. 
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BOEING  STRAPDOWN  RESEARCH  PROGRAM 

The  airplane  equipment  replacement  study  results  and  the  attributes  of  high-quality  inertial  data  led  to 
tiie  design,  build,  and  flight  test  of  a  strapdown  inertial  system  by  the  Boeing  research  staff.  The  program 
had  three  objectives: 

o  To  demonstrate  technical  feasibility  of  a  potentially  low  cost  strapdown  inertial  system 

o  To  gather  sufficient  knowledge  to  write  a  realistic  procurement  specification  for  future  Boeing 

airplanes 

o  To  encourage  industry  in  the  development  of  a  low-cost  strapdown  inertial  system. 

Boeing  reserach  engineering  developed  a  strapdown  inertial  system  ‘'working"  specification  for  internal  use 
and  from  this  document  designed  and  built  a  strapdown  inertial  system  which  performed  better  than  the 
requirements.  Lab  and  flight  testing  occurred  in  1975-76,  and  8  minute  alignments  and  2  nmi/hr  navigation 
performance  were  demonstrated  with  a  system  without  any  temperature  controlled  sensors.  This  system  used 
two  degree-of-freedom  tuned  rotor  gyros  from  Teledyne,  Systron-Donner  force- rebalanced  accelerometers  and  a 
Boeing  designed  digital  computer  and  strapdown  algorithms.  Typical  performance  exhibited  by  this  sytem  is 
shown  in  Figure  2. 
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This  program  success  provided  the  necessary  .confidence  for  Boeing  management  to  pursue  a  strapdown  Inertial 
system  for  the  new  airplane  programs  being  developed.  This  research  effort  in  strapdown  inertial  technology 
at  Boeing  Is  summarized  In  Table  7.  (Ref.  1,  2) 


Table  7.  Boeing  Strendowr  Research  Program 


•  Objective* 

•  Determine  feasibility  ol  low  cost  strapdown  Inertial  system 

•  Stimulate  Industry  to  develop  low  coet  system  on 
their  funds  for  commercial  applications 

•  Develop  a  specification  for  procurement 


*  Results 

•  Boeing  designed  and  built  a  low  coat  strapdown  system  (1  #73-75) 

•  Teledyne  gyro 

•  Systron-Donnereccel 

•  Boeing  computer 

•  (Lab  and  flight  tested  successfully  (1975-76) 

•  Demonstrated  8  minute  alignments 

•  No  heaters  used 

•  Right  tested  with  2  nml/Hr  NAV  performance 
and  #  kn  velocity  performance 

•  Later  gyro  lab  tot 

•  Stimulated  767  program  to  pursue  strapdown  Inertial  technology 


NEW  AIRPLANE  STRAPDOWN  INERTIAL  “FLY-OFF1'  PROGRAM 

To  support  the  new  airplane  programs,  Boeing  established  an  inertial  development  program  with  the  objectives 
and  vendor  participation  shown  in  Table  8. 

The  key  to  reduce  the  risk  of  introducing  new  technology  on  a  commercial  airplane  was  to  stimulate  a 
“fly-before-buy"  competition  between  potential  suppliers  of  strapdown  inertial  systems.  As  shown  In  Table 
6,  three  manufacturers  participated  In  varying  degrees. 


Table  9.  707  Inertial  Ralatanca  Syslam  DavatopmaM  Program 


•  Objectives 

•  Promote  me  development  of  an  trswrtMM  reference  system 
which  Is  coet  competitive  with  •  convention*!  attitude/ 
heedfogfoody/reie/body  eccetsretion  sensor  system 

•  Reduce  tin  iMt  of  Introducing  new  technology 
(strapdown  Inertiei)  Mo  commerclel  sircreft 

•  Evetuete  pnrproduetion  dlgUel  strapdown 
mRKm  vy 9vwn  p#fronrwncw 

•  investigate  technic*!  design  problems 

•  Produce  detailed  system  design  <p*ctitc*tiohs 

•  Vetidete  cost  goal* 

•  Promote  an  ARINCepedflcation  (744) 


•  Vendor  Partidpetion 

•  Joint  development  program  to  product  flight  lest 

Pi  m  1 1  ■  »!■  4  iii  s  as  d  ■  v* 

nMNmV  Wfl  9  tKKjOiI 

•  Tstsdyns  — fly  able  agulpmsntdetivsred  Apr#  1>7# 

UiuudMaii  .  -  Mutlilo  AftiiLum^l  a  ■,  .u  tmta 

•  nonvjwN  •**  Wf nw  ovwwva  npn  ivri 

»  Ltttow  —  l*b  test  demo  of  gyro/electronics  June  1>7ti 
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The  basic  retirement*  of  the  system  design  which  manufacturers  needed  to  satisfy  during  this  evaluation 
phase  are  listed  In  Table  9.  These  systems  provided  by  the  potential  vendors  were  prototype  configurations 
for  commercial  airplanes.  The  system  described  In  this  paper,  a  laser  Inertial  system,  had  Its  heritage  in 
the  protoype  system  developed  for  a  Boeing  727  test  airplane  flight  evaluation,  where  over  70  hours  of 
flight  time  and  200  hours  of  laboratory  test  time  were  accumulated.  This  system  met  all  test  objectives 
and  operated  without  any  failures  -  all  factors  which  provided  a  strong  technical  basis  for  Its  ultimate 
selection  on  the  757-767  airplane  program.  The  manufacturers  Litton  and  Teledyne  participated  with 
tuned-rotor  gyro  technology  with  only  Teledyne  meeting  the  flight  test  schedule.  These  tuned  rotor  gyro 
based  systems  did  not  exhibit  the  maturity  needed  for  a  commercial  airplane  program  at  the  time  (1976)  of 
their  evaluation. 


Table  ft  Low  Cost  Inertial  Reference  Requirements 


*  Provide  Airplane  Heading,  Attitude,  Body  Axis  Ratee  and  Acceleration, 
and  Ground  Referenced  Position  and  Velocity  Information 
Unperturbed  by  Alrplana  Maneuvers 


•  Coat  Competitive  With  Conventional  8yeteme  Replaced 


•  Unrnatrfetad  Alrplana  Attitude  and  World-Wide  NAV  Capability 


•  Partormanca 

•  Alignment  —  <10  mlnuta* 

•  Radial  poeWon  —  <4  nmVhr 

•  Attituda  —  <2  arc-minutaa 

•  Magna  tic  haading  —  <1°  aynthaalaad 

•  Radial  velocity  —  <•  knota 

•  Vertical  velocity  -  <1  ft/tec 


A  summary  of  the  Honeywell  laser  Inertial  system  test  results  of  this  competition  is  given  in  Table  10. 
Suamaries  of  this  test  program  for  the  lab  and  flight  phases  are  shown  in  Tables  11  and  12.  Detailed 
performance  characteristics  exhibited  by  the  system  in  position  and  velocity  are  shown  in  Figure  3  through 


The  performance  data  and  the  integrity  of  the  system  during  the  evaluation  at  Boeing  and  by  other  evaluators 
such  as  the  Central  Inertial  Guidance  Test  Facility  of  the  US  Air  Force,  led  to  the  conclusion  that  this 
technology  was  viable.  The  key  question  that  remained  was  "could  the  supplier  provide  laser  gyros  with  the 
performance  and  reliability  required  from  a  production  facility  at  a  cost  acceptable  for  airline  operations. 

An  in-depth  review  of  the  laser  gyro  technology,  the  manufacturing  processes  required,  design  changes 
planned  for  producibility  reasons,  and  company  commitment  to  the  product  were  conducted  at  the  supplier's 
facilities.  This  review  showed  the  risks  were  acceptable  in  the  technology,  the  production  facility  was 
well  along  in  construction,  and  the  company's  commitment  and  funding  sources  were  very  strong.  Consequently, 
the  strong  technical  status,  with  the  favorable  cost  proposal  and  strong  company  commitment,  led  to  the 
selection  of  the  Honeywell  laser  gyro-based  Inertial  reference  system  for  the  757/767  airplane  programs. 


Table  to,  Boeing  Prototype  Honeywell  Later  Inertial  System  Teat  Summery 


Teat  Period 

AprS  11  •  July  12, 1171 

Aircraft  Type 

727-100 

Laboratory  Teals 

1  ifilll 

Flight  Teeie 

70  bourn 

•  Air  wort 

—  Emergency  deecenl 
-300*  tome  e*40a  bank 
—  Approach  to  etoMe 
—  toetrumeni  approaches 

•  Touch  end  go  lendlnge 

Poeliion  Error  Rate 

•  20  rm/hr  IS*  prob 

Velocity  Error 

•  7.22  Ida  eewprob 

System  Turn-one 

•  so 

Syetem  ASgnmenU 

•  es 

Syeiem  FaHuree 

•  0 

Table  1 1.  Honeywell  Laboratory  Teat  Ensemble  Performance 


Total  Lab 
Teat  Series 


Radial  Position  Error  Ritas, 
95  Porcantlla,  nm/hr 


Radial  Valodty  Errors 
95  Parcantllo,  ft/sac  (knots) 


12 

With  Scoraby  runs 

Without  Scoraby  runs 

With  8corsby 

Without  Scoraby 

1.87 

1.29 

7.22  (4.3) 

7.39  (4.4) 

Table  12.  Honeywell  Individual  Laboratory  Test  Results 


Laboratory  Taat  Description 

NAV  Tima,  hr 

Poe  Error  Rate 
95  Percentile, 
nm/hr 

Static  NAVbasaUna 

440 

146 

Static  NAV  with  azimuth  rotation 

4.00 

048 

High  tamparatura  static  NAV 

3.00 

140 

Cold  tamparatura  static  NAV 

3.46 

143 

Static  NAV  with  45°  heading  and  5* 
tilt  In  each  axis 

143 

149 

Scoraby  Motion®  ±7*  tUt 

340 

2.16 

Scoraby  Motion  @  ±2-3*  tUt 

243 

0.49 

Scoraby  Motion  @  ±74*  tttt 

2.16 

144 

Scoraby  Motion  @  ±4*  tUt 

lie 

2.75 

First  long  term  static  NAV 

643 

045 

Second  long  tsrm  static  NAV 

1040 

146 

Third  long  (arm  static  NAV 

642 

048 

1 

ft/sac  (knots) 


5.7  (3.4) 
5.1  (3.6) 

4.8  (2.7) 
84(5.1) 
64  (3.8) 

64(4.0) 


l  • 


I  • 


I  * 


TIME  (ICC) 


160*  ROTATION 


figure  1  Sample  Lab  Navigation  Parlor /nance  Tati  RasuiU  by  Boeing  of  the 
Honeywell  Prototype  Laser  Inertial  System 


Ftgur t  &  Compost f  Velocity  Error i  of  L»t>  Ttsts  on  tht  fe  • 

Hontywll  Prototype  Uur  tntrUtl  Systtm 
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SYSTEM  PERFORMANCE  REQUIREMENTS  DEVELOPMENT 

Parameter  Performance  '»*  ’  ■/••‘W’,: 


Th*  performance  requirement*  for  a  commit i«1  inertial  navigation  system  used  for  purposes  other  than  just  •  • 

navigation  art  driven  primarily  fro*  th*  equipment  using  inertia)  information.  '‘TT'"""" 


For  example,  trank  angle  (a  velocity  bawd  parameter)  is  dasirad  for  control  and  display  purposes  with  a 
strong  desire  to  Maintain  its  accuracy  in  the  2*3*  range  during  low  spaed  operations.  Track  angle  Is 
defined  as  tan  An.  Using  partial  derivatives,  and  d*tk/,Vf)  to  develop  error  contributions 

due  to  each  velocity  conponant  and  than  combining  to  davelop  the  total  error  in  $tk  due  to  inertial  velocity 
error  yields  the  following  equation  for  estimating  track  angle  error: 


For  &i*tk  of  2*3°,  the  velocity  errors  Must  be  less  than  6  knots  per  axis.  JL  . 

Since,  we  felt  this  velocity  performance  requirement  could  mult  in  en  unacceptable  system  cost,  the 
requirement  was  reluctantly  changed  to  4*,  requiring  errors  in  the  8  knot  per  axis  range. 

This  process  was  essentially  followed  for  the  other  inertial  parameters  of  flight  path  angle,  track 

referenced  accelerations,  track  angle  rate,  etc.  The  final  specification  requirements  had  to  be  balanced 

between  the  user  requirement*  (usually  too  tight)  and  what  could  bt  achieved  with  e  system  of  acceptable 

cost.  The  judgment  for  the  latter  was  based  considerably  on  the  experience  Boeing  gained  in  the  strapdown  j>  • 

Inertial  research  program  previously  discussed.  ~ 


Exceptions  to  the  requirements  process  described  above  were  navigation  performance  and  magnetic  heading, 
these  are  controlled,  in  the  US,  by  the  Federal  Air  regulations. 

navigation  performance  for  inertial  systems  in  civil  transport  use  is  specified  in  FAR  12),  Appendix  G  to  •  • 
be:  "For  flights  up  to  TO  hours  duration,  no  greater  than  2  nautical  miles  per  hour  of  circular  error  on  '  -• 
95*  of  system  flights  completed  is  permitted*. 


Magnetic  heading  performance  requirements  are  less  clear  in  the  regulations,  but  2°  is  the  generally  acceptable 
value  by  flight  crews  and  regulatory  agencies.  Magnetic  heading  was  specified  to  be  synthesized  using  a 
stored  worldwide  magnetic  field  model  for  magnetic  variation  computation.  This  would  eliminate  the  magnetic 
field  sensing  hardware  components  used  In  the  current  commercial  fleet. 

However,  Boeing  did  not  have  a  requirement  for  long  range  navigation  performance  at  the  time  of  launching 
the  757/767  two  engine  medium  range  airplanes.  Therefore,  to  keep  the  expected  system  costs  to  acceptable, 
the  navigation  performance  was  specified  to  be  4  nm/hr,  95%.  This  performance  was  still  expected  to  provide 
velocity  performance  that  was  acceptable  for  flight  control,  guidance,  and  display  purposes.  Fortunately, 
the  767/757  airplane  contract  competition  resulted  in  obtaining  a  system  with  the  navigation  performance 
required  for  long  range  navigation.  The  757/767  airplane  suddenly  had  long  range  navigation  capability  that 
could  be  offered  to  customers  at  no  extra  cost.  It  turns  out  that  this  capability  had  more  demand  by 
airlines  than  ever  anticipated,  especially  the  foreign  carriers  who  have  routes  over  regions  without  radio 
navigation  coverage. 

Alignment 

The  alignment  time  requirement  of  10  minutes  is  about  1/2  that  of  commerical  global  Inertial  navigation 
systems  and  stems  from  the  desire  of  the  airlines  to  minimize  align  times  during  the  small  turn  around  time 
operations  that  short  to  medium  range  operations  have  at  through-stops.  It  also  Is  the  time  felt  to  be 
achievable  with  sensors  without  temperature  control  and  still  provide  sufficient  alignment  accuracy  needed 
for  good  navigation.  Boeing  demonstrated  8  minutes  in  its  strapdown  research  program. 

Vertical  Velocity 

Vertical  velocity  is  specified  to  be  output  from  the  757/767  inertial  systems  as  the  primary  source  of 
airplane  vertical  speed,  an  Industry  first.  Mo  air  data  computer  derived  vertical  speed  is  used  on  the 
airplane  as  Is  normally  done. 

A  baro-lnertial  velocity  and  altitude  filter  was  specified  to  be  implemented  to  provide  low  noise,  wide 
bandwidth  signals  with  no  lags  in  response  to  airplane  maneuvers  or  configuration  changes  and  optimized  for 
autopilot  control  laws.  This  feature  also  allows  the  vertical  speed  indicator  to  be  less  complex  and  error 
free  in  turns  due  to  the  elimination  of  a  seismic  mass  used  for  damping  noisy  air  data  computed  vertical 
speed,  which  is  differentiated  altitude.  This  feature  has  been  particularly  applauded  by  flight  crews. 

The  basic  accuracy  is  specified  to  be  the  same  as  that  for  commercial  airplane  air  data  computers  verticel 
speed,  30  ft/minute. 

Output  Date  Filter  Characteristics 

To  prevent  date  elleslng  effects  In  using  digital  systems  which  operate  generally  at  a  lower  sample  rate 
than  the  inertial  reference  system,  inti-aliasing  pre-simple  filters  were  specified  for  the  output  parameters 
with  special  emphasis  on  the  body  rate  and  acceleration  date.  The  final  choices  of  staple  rate  end  pre-sampling 
filter  depend  upon  the  input  signal  and  noise  spectra,  maximum  allowable  signalto-Mse  ratio  degradation 
due  to  aliasing,  maximum  allowable  transport  daisy,  available  computational  resources,  and  the  bandwidth  of 
the  system  which  uses  the  date.  A  practical  way  to  make  these  choices  is  to  enalyze  the  system  for  various 
sample  rates  end  filters.  This  was  done  with  the  aid  of  a  computer  program  which  computes  the  effect  of 
each  combination  of  sample  rmte  end  filter  characteristic  on  the  output  signtl-to- noise  ratio  for  the 
defined  input  signal  and  noise  spectra. 

Transport  delay  or  equivalent  phase  shift  in  the  data  to  tha  different  control  syatems  was  the  primary 
design  constraint  used  to  develop  acceptable  filter  characteristics,  although  thare  are  three  interrelated 
parameters  that  must  be  specified  to  assure  dynamic  interface  signal  compatibility.  These  are  maximum 
bandwidth,  maximum  transport  daisy  and  minimum  sample  rate.  Examination  of  airplane  structural  vibration 
power  spectral  densities  were  used  at  the  assumed  noise  source  In  determining  the  filter  characteristics 
required.  The  multi  of  the  analyses  indicated  that  second  order  Butterworth  filters  with  a  3  dB  bandwidth 
of  3.2Ht  were  needed  to  provide  acceptable  anti-aliasing  characteristics  (-20  48  at  the  autopilot  foldover 
frequency,  10Hz)  for  both  body  rates  and  acceleration  data,  and  still  hava  transport  delays  which  were 
satisfactory  to  the  control  system  designs.  Analog  or  digital  filtering  may  be  used  depending  on  tensor 
signal  characteristics.  For  example,  the  laser  gyro  output  Is  essentially  digital  in  nature  and  the  body 
rate  filters  could  be  implemented  in  software.  The  accelerometers  are  analog  devices  and  tha  anti-aliasing 
filters  were  implemented  with  analog  circuitry  prior  to  sampling  with  an  A/0  multiplexer  to  develop  the 
acceleration  data  for  the  control  system  users.  These  anti-aliasing  filters  are  not  in  the  data  flow  to 
tha  attitude  and  navigation  solutions. 

Reliability 

Reliability  requirements  were  developed  based  on  the  predicted  HTBFs  provided  by  the  competing  suppliers  in 
their  proposals  and  the  results  of  in-house  strapdown  system  synthesis  studies,  which  permitted  a  piper 
design  to  sufficient  detail  that  e  reliability  estimate  could  be  made  from  the  pans  count.  Reliability 
estimates  of  4000  to  5000  hours  H1BF  were  predicted  to  be  achievable.  Compliance  with  certification  regulations 
require  in-flight  HTBFs  to  be  in  the  range  of  1000  to  2000  hours  HT6F.  This  requirement  is  developed  from 
the  US  Federal  Air  regulation  FAR  25.1309(b)  which  Is  a  general  failure  requirement  for  all  airplane  systems. 
Whan  specifically  applied  to  the  inertial  reference  system,  the  regulation  has  been  Interpreted  by  the  FAA 
to  require  that  the  total  loss  of  the  airplane's  primary  attitude  systems  be  “improbable*.  Iwgiobablf*ha* 
been  quantified  by  the  FAA  to  be  an  event  with  a  probability  of  occurrence  of  approximately  10  3  -  10  . 

Consequently,  dual  independent  ettitude  systems  with  reliabilities  of  about  1000  hours  MT8F  each  will 
satisfy  the  regulation.  However,  when  adding  in  other  attitude  data  depandent  components  such  as  displays, 
requires  raising  the  inertial  system  reliability  requirment  above  1000  hours  to  satisfy  the  availability 
requirement  for  the  entire  attitude  data  “chain*. 


Warranty/Component  Reliability  (MTBUR/MTBF)  Programs  } --V-V-|_ 

The  airframe  manufacturer,  Boeing  In  this  case,  Is  contractually  obligated  to  obtain  the  best  possible 

product  assurance  package  for  the  customer  airline  as  Is  possible  with  the  supplier.  This  package  Is  >>-.'■ 

passed  on  to  the  customer,  who  nay  elect  to  negotiate  their  own  specific  package.  Including  warranty  terns 

and  HTBF  (mean  tine  before  failure)  and  MT8UR  (mean  tine  before  unscheduled  removals)  targets  that  nay  be  »■---■ - 

somewhat  better  than  those  obtained  by  Boeing.  Leverage  Is  high,  of  course,  for  the  airline  and  Boeing  In  1  • 

the  competitive  phase  of  a  new  airplane  program.  The  warranty  period  typically  Is  three  years  for  electronic  rV 
systems  Including  the  Inertial  reference  system,  starting  with  delivery  of  each  aircraft.  Remedies  under 
the  supplier's  warranty  Involve  repairing,  modifying  or  replacing  the  defective  part.  '  -‘.v.  -V 

The  reliability  “guarantee"  program  Is  also  a  controlling  mechanism  for  determining  which  party  (airline  or  T  , v'* 

supplier)  pays  for  maintenance.  This  Is  commonly  termed,  “Supplier  Component  Reliability  (MTBUR/MTBF)  ’ 

Program"  and  establishes  MTBF  and  MTBUR  contractual  targets  or  “guarantees."  Remedies  include  technical 
assistance,  redesign  and  additional  spare  parts  at  no  charge.  This  program  runs  for  a  period  of  five  j  • 

years,  starting  with  the  Introduction  of  the  new  airplane  Into  revenue  service  (September  8,  1982  for  767).  ,  '  ' 

The  program  concept  Is  based  on  obtaining  mature  level  values  (MTBF  and  MTBUR  contractual  targets)  during  1.' 

the  Introductory  period  of  each  new  airplane  program,  however,  In  the  case  of  electronics/avionics  suppliers,  •• 

many  have  insisted  on  Introductory  values  only  or  "guarantee"  steps  at  several  time  Intervals  during  the 
five  year  program.  For  the  IRS,  these  “guarantee"  MT8F/HTBUR  steps  are  the  following  In  flight  hours: 

YEAR  1  3  5 

.  f 

MTBF  1600  2000  2400 

MTBUR  800  1000  1200  I 


As  one  will  see  later  in  this  paper,  these  goals  have  been  surpassed  by  more  than  five  times  for  the  first 
year  of  service.  They  represent  the  conservatism  expected  for  the  Introduction  of  such  a  new,  sophisticated 
technology. 

aOElhd  AIRPLANE  IRS  CONFIGURATIONS 

Figure  7  shows  the  757/767  IRS  configuration.  The  basic  Installation  has  three  Inertlel  Reference  Units 
(IRU)  and  a  single,  common  Inertial  Reference  Mode  Panel  (IRMP)  for  Initialling  end  displaying  data  from 
any  of  the  three  IRUs.  The  triple  system  Is  required  to  support  the  fall-operational  auto-land  system,  • 
basic  feature  In  the  757/767  elrplanes.  However,  only  dual  systems  arc  required  tor  airplane  dispatch.  To 
maintain  the  Inertial  reference  during  power  Interrupts  and  transients,  the  IRUs  ere  connected  to  the 
airplane  Hot  Battery  bus,  a  noiHnterruptlble  backup  power  source.  This  was  possible  because  of  the  low 
power  (100  watt)  requirements  of  the  IRU.  Because  of  their  large  power  requirements.  IKS  In  commercial 
service  (e.g.  747)  require  their  own  independent  battery.  Additionally,  tha  IRS  was  specifically  designed 
for  instelletlon  In  a  commercial  jet  transport  in  accordance  with  the  AR1KC  704  airline  standard  specification. 
(Ref.  3,  4) 


I  ft 


fiQut*  7.  7S7/767  kwiitl  ftefenwtce  System 
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Figure  8  shows  the  737-300  IRS  configuration  which  differs  from  the  707/767  configuration  because  of  the 
analog  Interfaces  in  the  737  derivative  airplane.  A  digital  to  analog  adapter  unit  had  to  be  designed  to 
handle  the  conversion  requirements  of  the  IRUs  and  Flight  Management  Computer  which  are  built  to  the  757/767 
specifications,  for  these  systems.  K  dual  IRU  configuration  is  utillied  on  the  737  because  the  autoland 
system  requirements  are  less  stringent  than  the  757/767,  being  fail-passive  as  opposed  to  fall-operational. 


Fk)un  &  73 7-300  Navigation  System 


The  757/767  IRS  fulfills  a  wide  variety  of  airplane  system  requi resents,  as  shown  In  the  Figure  9  system 
interface  diagram.  From  this  diagram,  one  can  see  the  degree  of  integration  and  systems’  dependence  on 
tnertlally  derived  data  to  satisfy  their  respective  functional  astd  performance  requirements.  The  737-300 
IRU  integration  in  significantly  less  because  of  the  afrpUms  interfacing  spates**  design  sastwity. 
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Kgom  9.  TSf/W  tftS  tmrfx*  biagnm 


The original  goal  to  eliminate  all  ih*  separate  inertial  sensors  utilized  in  flight  control  systems  has 
been  realized  on  the  sfcrapdown  inertial  equipped  airplanes.  It  Is  believed  that  the  757/767  airplanes 
represent  the  first  occurrences  in  aviation  history  of  this  long  sought  oojective.  The  only  Independent 
inertial  sensor  reraining  is  the  normal  accelerometer  for  the  flight  data  recorder  which  is  required  by 
Federal  regulation  to  be  mounted  in  the  vicinity  of  the  airplane  center  of  gravity. 

The  inputs  the  IRS  requires  are  latitude  and  longitude  for  initialization  and  air  data  altitude  and  true 
airspeed  for  the  bard-inertial  filter  and  wind  vector  calculations,  respectively. 

The  airplane's  Flight  Management  Computer  (FMC)  provides  the  guidance  function;  therefore,  the  only  navigation 
data  provided  by  the  IRS  are  position,  velocity,  track  and  heading.  The  FHC  has  knowledge  of  waypoint  end 
route  data  requested  by  the  flight  crew  and  computes  guidance  commands  from  thk  desired  route  data  and 
actual  position  data  which  varies  from  radio  (VOR-DHI)  updated  Inertial  information  to  pure  inertial  Information. 
Figure  10  shows  an  overview  of  the  entire  757/767  navigation  and  guidance  system. 

Each  IRU  produces  digital  data  according  to  the  ARINC  429  serial  digital  data  bus  format  on  three  identical 
Independent  broadcast  data  buses  to  the  airplane  systems.  The  effect  of  a  bus  fault  is  Isolated  to  only 
one  output  bus,  and  therefore  only  one  of  the  three  classes  of  using  equipment,  critical,  essential,  non-essential 
it  effected.  Two  busses  are  dedicated  to  flight  control  and  displays  systems,  end  all  other  less  critical 
systems  are  connected  to  the  remaining  bus. 

The  data  bus  architecture  is  shown  in  Figura  11.  This  bus  distribution  was  designed  to  prevent  any  single 
point  failure  from  causing  the  loss  of  IRU  data  to  any  flight  critical  system. 

Figure  12  shows  the  location  of  the  IRUs  in  either  the  757,  767  or  737-300  In  the  basic  electronics  bay  of 
ths  airplane.  The  units  are  hard  mounted  in  a  special  alignment  mounting  tray  designed  to  maintain  the 
redurtiant  systems'  relative  alignment  to  each  other.  The  mounting  tray  H  hardmounted  to  the  airplane 
floor  for  rigidity  and  1*  aligned  to  the  airplane  reference  axes  during  the  factory  build  procass.  A11 
alignment  tolerances,  relative  and  absolute  (tray  to  airplane)  are  12  minutes  of  arc. 

The  IRU,  shown  in  Figure  13,  is  packaged  in  a  10  MCU  size  box,  as  required  in  ARINC  600,  “Air  Transport 
Avionics  Interface",  which  includes  the  inertial  sensors  and  various  supporting  electronic  assemblies.  The 
dimensions  of  tlw  unit  ere  7.6  inches  high  X  12.7  inches  wide  v  14.5  inches  long.  Unit  weight  Is  approximately 
44  pounds.  This  installation  Is  in  accordance  with  that  spacv.ted  in  ARINC  704.  The  units  are  being 
installed  in  any  of  four  possible  orientations  (fore,  aft,  and  nhwcrtchip)  in  Boeing  airplanas.  Installation 
wiring  (pin  logic}  is  used  to  specify  each  orientation  and  no  internal  modification  to  IRU  hardware  or 
software  are  required. 

Forced  air  cooling  1*  provided  in  eccordanc*  with  ARINC  600  level  2  and  adequately  supports  the  power 
dissipation  (approximately  100  watts)  requirements  for  each  unit.  No  active  control  of  intemel  thermal 
state  Is  required.  The  IRU  utilizes  strategically  mounted  tharmal  transducers  to  generate  data  for  Inertial 
sensor  corrections  due  to  variations  in  internal  temperature. 


Figuf  ia  KJfW  Nawgattv. 
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Figure  11.  IFtS  Data  Bus  Distribution  Diagram 


Power  is  supplied  from  normal  airplane  AC  power  system  with  abnormal  transient  protection  provided  by  the 
airplane  standby  battery.  Two  IRUs  are  capable  of  being  powered  5  minutes  and  the  right  IRU  for  a  minimum 
of  30  minutes  from  this  battery.  The  power  organization  is  shown  in  Flyure  14.  The  airplane  main  battery 
Is  protected  from  the  full  3  IRU  load  during  a  total  A-C  power  loss  by  limiting  the  t  &  C  units  to  5  minutes. 


The  remaining  unit  Is  maintained  to  provide  heading  information  to  the  pilot  displays  for  this  flight 
condition,  as  long  as  Is  necessary. 


757/767/737  IRU  OESIGN  FEATURES 


The  functions  In  the  specific  strapdown  IRU  for  Boeing  airplanes  are  divided  between  hardware  and  software 
as  shown  in  Figure  15.  Laser  gyros  and  conventional  pendulous  forces  rebalanced  accelerometers  provide  the 
inertial  data  required  for  the  attitude  reference  computation  and  the  inertial  navigation  computation. 

These  Inputs  are  conditioned  and  accumulated  by  the  sensor  input  electronics.  The  digital  computer  performs 
the  software  functions  of  sensor  systematic  error  compensation  of  bias,  scale  factor,  misalignment,  and 
temperature  effects.  The  compensated  gyro  signals  are  used  in  a  three-axis  attitude  algorithm  to  compute 
aircraft  attitude  relative  to  the  local  level  navigation  coordinates.  The  compensated  acceleration  signals 
are  transformed  into  the  local-level  coordinate  frame  and  are  used  to  compute  the  velocity  and  position 
navigation  data.  The  software  function  of  output  calculation  and  parallel  data  formatting  is  followed  by 
the  hardware  functions  of  parallel  to  serial  conversion,  data  bus  timing,  and  electrical  signal  isolation 
and  transmission.  Body  rata  and  acceleration  data  are  passed  through  anti-aliasing  filters  as  shown,  prior 
to  outputting  these  data  on  the  data  bus. 


Two  features  or  functions  are  provided  by  the  IRU  which  prior  to  the  757/767  application  had  never  been 
certified  on  commercial  aircraft  as  sole  source  of  these  functions.  These  functions  are  vertical  velocity 
and  synthesized  magnetic  heading. 


Figure  12.  IRU  Airplane  Installation  Location 
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Complementary  Baro-Inertial  Filter.  The  altitude  input  from  the  air  data  computer  is  used  to  stabilize  the 
vertical  channel  in  a  complementary  filter  with  inertial  vertical  acceleration  as  shown  in  Figure  16.  This 
mechanization  provides  a  wide  bandwidth,  inertially  smoothed  output  of  altitude  and  altitude  rate.  The 
altitude  rate,  vertical  speed,  is  used  to  drive  the  pilots'  vertical  speed  indicator  and  is  used  by  the 
autopilot  and  flight  management  computer  for  various  control  functions,  as  is  inertial  altitude. 


INERTIAL 


Figure  16.  Complementary  Baro-lnertlal  Filter 


This  implementation  is  designed  to  utilize  the  high  frequency  response  characteristics  of  the  accelerometers 
to  reduce  the  normal  lag  in  air  data  parameters  which  occurs  during  altitude  changes.  The  hysteresis  loop 
provides  dampening  of  feedback  loops  to  limit  overshoots  and  minimize  settling  times  with  large  step  inputs 
of  altitude.  These  steps  can  occur  during  ADC  source  switching  and  during  periods  of  no  AOC  data. 

This  feature  has  provided  very  low  noise  vertical  spaed  data  to  the  crew  displays  without  any  lags  or 
maneuver  induced-errors  and  has  been  very  well  received  by  flight  crews. 

Synthesized  Magnetic  Heading.  Magnetic  heading  output  from  the  IRS  Is  derived  from  a  lookup  table  of 
magnetic  variations  stored  in  memory.  This  stored  table  forms  a  grid  of  points  which  Is  used  In  an 
Interpolation  scheme  based  on  known  latitude  and  longitude.  The  table  of  grid  points  Is  generated  from  a 
twelfth  order  spherical  harmonic  equation  using  the  most  up-to-date  world  magnetic  field  model  being  used 
for  aeronautical  charting  and  cartography.  The  current  model  available  Is  for  1980  (AWC80).  To  compute 
magnetic  heading,  four  arid  points  are  chosen  which  surround  the  aircraft  and  a  linear  interpolation  Is 
performed  using  the  variations  at  these  grid  points.  A  description  of  this  technique  Is  shown  In  Figure 
17.  This  interpolated  variation  is  then  added  to  true  heading  to  get  magnetic  heading.  To  minimize  data 
storage  with  this  approach,  the  latitude  data  was  limited  to  an  operational  area  encompassing  all  the 
magnetic  north  referenced  ground  navigation  aids,  In  the  latitude  range  of  N73°  to  S60b  where  large  transport 
service  Is  available.  This  approach  uses  the  same  magnetic  field  model  reference  for  the  IRU  as  that  used 
for  aeronautic  facilities  and  charts,  Insuring  compatibility.  This  is  shown  plctorlally  by  Figure  18. 

There  are  two  sub-modes  to  the  8oe1ng  specification  for  strapdown  inertial  that  should  be  explained.  One 
Is  new  to  commercial  operations,  and  the  other  is  similar  to  that  mechanized  In  glmbal  INS.  These  are 
downmode  align  and  attitude  modes. 

Downmode  Allan 

A  provision  Is  made  for  re-entry  of  the  align  mode  from  a  prior  navigation  mode  condition  without  turning 
the  system  off.  When  the  mode  switch  Is  rotated  from  the  NAV  to  the  ALIGN  position  and  ground  speed  Is 
less  than  20  knots  In  this  situation,  the  course  alignment  function  Is  bypassed  and  the  attitude  reference 
vertical  data,  available  from  the  navigate  mode  calculations,  Is  transferred  over  as  initial  conditions  for 
the  alignment  mode  operations.  For  this  situation,  the  alignment  filter  Is  reconfigured  to  perform  Its 
computation  optimally  from  the  more  accurate  initial  conditions  derived  from  the  navigate  mode  data  to 
achieve  a  more  rapid  alignment  sequence. 

This  action  should  normally  be  performed  on  Intermediate  short  stops  when  the  IRS  Is  left  operating  and 
insufficient  time  Is  available  to  perform  a  complete  10  minute  alignment  to  correct  existing  alignment 
errors.  The  procedure  can  also  be  used  to  trim  errors  during  extended  waiting  periods  for  takeoff  or 
during  delays  prior  to  departure. 

The  result  of  this  action  Is  to  remove  the  velocity  errors  (set  aroundspeed  to  zero)  and  to  re-erect  the 
navigation  reference  coordinate  frame  to  level  (remove  pltch/roll  attitude  errors).  Errors  in  position  can 
also  be  corrected  if  the  option  to  re-enter  ramp  latitude  and  longitude  Is  also  exercised.  Yhls  Is  normally 
done  when  the  flight  plan  Is  loaded  into  the  PNC. 
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LONGITUDE 


MVP  =  MVp,  +  r,[(MV„  -  MVW)  ♦  r„  (MV*  +  MV„  -  MV„  -  MVm)]  ♦  r,  (MVW  -  MVW) 

Figure  17,  Magnetic  Variation  Model 


Figure  16.  Magnetic  Variation  Development  Process 


The  duration  of  the  align  downawde  Is  30  seconds  following  activation,  or  whenever  the  mode  select  switch 
Is  rotated  to  the  NAV  position,  whichever  Is  greater. 

If  the  IRU  Is  allowed  to  remain  In  the  align  mode  for  a  period  greater  than  30  seconds,  the  alignment 
filter  will  begin  to  correct  aircraft  heading.  However,  the  difference  between  this  procedure  and  the 
normal  align  Is  that  NAV  node  can  be  entered  at  any  time  and  the  normal  10  minute  waiting  period  Is  not 
required.  In  this  situation  the  degree  of  refinement  of  the  prior  NAV  node  heading  will  be  a  function  of 
the  operating  time  In  the  align  mode. 


Attitude  Node 


The  attitude  mode  provides  a  backup  reversionary  capability  to  allow  restoration  of  IRU  attitude  operation 
during  flight  for  the  potential  condition  of  total  power  loss  and  then  power  restoration  after  a  period  of 
time  that  exceeds  the  battery  or  Inertial  system  energy  storage  capability. 


The  primary  function  of  the  attitude  mode  Is  to  provide  a  minimal  set  of  flight  critical  outputs  sufficient 
to  support  aircraft  operation. 
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The  basic  attitude  mode  operating  elements  (Figure  19)  consist  of  two  integration  functions  (attitude  and 
velocity)  driven  by  strapdown  gyro  and  accelerometer  sensor  data  and  interconnected  through  appropriate 
feed-forward  and  feed-back  elements  to  execute  the  attitude  mode  functions.  Outputs  of  these  elements  when 
appropriately  operated  upon,  provide  the  signals  required  for  IRU  output. 


Figure  19.  IRS  Attitude  Mod* 


The  attitude  function  is  Identical  to  that  performed  in  the  navigate  mode,  except  for  heading  which  is 
space  stabilized,  but  set  to  zero  at  attitude  mode  entry  and  not  output  until  Initialized  with  a  reference 
heading.  The  IRU  design  provides  the  capability  of  entering  a  "set  heading"  input,  via  either  the  FHC  COU 
or  the  Inertial  mode  panel  to  align  IRU  magnetic  heading  output  to  actual  aircraft  magnetic  heading. 

The  velocity  function  is  Implemented  in  a  manner  different  from  the  navigate  mode  and  is  used  to  maintain 
erection  of  the  reference  coordinate  frame  to  the  local  level  attitude.  The  attitude  output  is  affected, 
in  this  mode,  by  horizontal  components  of  acceleration  due  to  aircraft  turns  and  erection  cutout  logic  is 
implemented  to  minimize  attitude  errors  resulting  from  this  cause.  This  mode  provides  attitude  and  heading 
analogous  to  a  conventional  vertical  and  directional  gyro  in  current  aircraft. 

Inertial  Reference  Mode  Panel  (IRHP)  Configuration 

The  IRHP  contains  the  manual  input  and  display  functions  necessary  to  control  and  to  initiate  the  three  (or 
two)  IRUs  contained  in  the  IRS.  To  maintain  the  multi-channel  redundancy  concept,  the  mode  control  and 
annunciation-and-warning  functions  are  completely  separate  for  each  channel.  The  initialization  and  display 
functions  are  common  for  all  channels,  with  the  exception  of  the  IRU  signal  Interfaces  that  maintain  complete 
electrical  signal  Isolation  -  so  that  a  fault  In  the  IRMP  on  one  of  the  IRU  Interfaces  will  affect  only  one 
IRU. 

The  functions  ate  partitioned  between  hardware  and  software  as  shown  in  Figure  20  for  the  757/767  panel. 

The  mode  select  and  data  input  are  hardware  functions  that  convert  manual  entries  into  electrical  signals. 

The  ARINC  429  serial  digital  data  Input  and  output  data  bus  interfaces  are  also  contained  in  hardware.  The 
Input  data  processing,  the  display  format  processing,  and  the  output  data  process  and  format  are  provided 
by  the  IRMP  software.  The  737  control  panel  Is  very  similar  with  the  primary  difference  of  only  handling  2 
IRUs  rather  than  3. 

The  panel  as  viewed  from  the  pilot  is  shown  in  Figure  21,  again  for  the  757/767  unit. 
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Figure  20.  Inertial  Reference  Model  Panel  Signal  Flow  Diagram 
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Figure  21.  Inertial  Reference  Mode  Panel,  7571707  Airplane 
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The  IRS  provides  ell  the  strapdown ,  Inertial  reference  outputs  required  for  the  avionic*  systes  In  the 
serial  digital  forest  defined  by  ARINC  429.  These  outputs  are  shown  In  Table  13. 

The  data  Is  coeputed  In  a  Multi-rate  structure  In  accordance  with  the  software  design  and  Is  Interrupt 
driven  at  SOHz,  Attitude,  accelerations,  and  nost  rate  paraneters  are  output  at  SO  samples/tecond.  Velocity, 
heading,  and  related  teres  are  output  between  10  and  25  saaples/second  depending  on  user  requlreeents. 

Position  data  Is  output  at  5  saeples/second. 


4-24 


Data  Computation  Description 


Navigation 


In  the  strapdown  inertial  system  accelerometers  and  gyros  are  "fixed"  to  the  airplane  structure.  The 
angular  rates  and  linear  accelerations  as  measured  by  the  body  mounted  sensors  are  sent  to  the  digital 
computer  which  continuously  computes  the  airplane  attitudes  of  roll,  pitch  and  true  heading  and  maintains 
the  navigation  coordinate  system  (stable  platform)  from  the  information  obtained  by  the  angular  rate  sensors 
(gyros).  This  data  and  computation  flow  Is  shown  in  Figure  22. 


Table  13.  IRS  Output  Data 


Function 

Range 

Accuracy  (2  Sigma) 

Attitude 

Roll 

Unlimited 

o.i* 

Pitch 

Unlimited 

0.1* 

Heeding 

True 

Unlimited 

0.4° 

Magnetic 

T3’N-flO*$ 

2.0* 

Body 

Linear  acceieratlone 

4.0g 

O.OIg 

Lateral 

4>0g 

O.OIg 

Normal 

4.0g 

O.OIg 

Longitudinal 

40g 

OOlg 

Body  angular  rataa  (P,  Q,  R) 

IMVeec 

O.l’/eec 

Inartial  velocity 

VN 

4093  kn 

12  kn 

ve 

4  090  kn 

12  kn 

Vo 

4096  kn 

12  kn 

v* 

32  000ft/mln 

30tVmln 

Track  relatad  data 

Track  angle 

Unlimited 

S*  (lowapaed) 

Drift  angle 

90* 

6*  (kmepaad) 

Flight  pith  angle 

Unlimited 

0.4*  (lowepead) 

Flight  path  accelerator* 

0.5g 

O.OIg 

Along  track  acceleration 

OJg 

OOlg 

Croee  track  acceleration 

OAg 

O.OIg 

Vertical  acoatantlon 

4-00 

0.01g 

Track  angle  rate 

32*/aac 

0.25* /eec 

L  ...  • 


'  i'1  ■  *  ‘  • ' 

bf-  •■»**» ■- .  „ 

- - V 


Preaant  poetdon  (let/ long) 


Inertial  attitude 


Unlimited 


131,000 


anm/hr 


The  gyro  data,  taken  Into  the  IRU  computer  from  the  three  orthogonal  IRU  laser  gyros,  Is  used  to  compute 
three  orthogonal  body  Inertial  rotation  rate  signals.  Compensations  are  Included  In  the  body  rate  calculations 
to  correct  the  Input  data  for  known  fixed  and  temperature  sensitive  error  effects.  These  temperature 
compensations  are  calculated  using  measurements  o’  hied  from  gyro-mounted  temperature  transducers. 

The  orthogonal  body  rate  data  is  used  In  a  three-axis  integration  algorithm  to  compute  the  attitude  of  the 
IRU  sensor  axes  ("body  axes")  relative  to  a  locally  level  navigation  coordinate  frame.  The  navigation 
frame  is  the  "wander  azimuth"  type  whereby  the  z-axls  is  vertical  and  the  orientation  of  the  horizontal  X, 

Y  axes  about  2  is  inertially  stabilized,  In  order  to  maintain  reference  of  the  computed  attitude  to  the 
locally  level  navigation  frame,  angular  rates  are  applied  to  the  attitude  integration  algorithm  to  account 
for  the  inertial  rotation  rate  of  the  navigation  coordinate  axes.  The  navigation  frame  inertial  angular 
rates  account  for  aircraft  transport  rata  over  the  earth  as  well  as  earth's  rotation  rate  (the  latter  being 
a  function  of  computed  aircraft  position). 

The  computed  attitude  data  Is  used  to  transform  a  calculated  set  of  three-axis  orthogonal  body  acceleration 
data  from  body  axes  Into  navigation  coordinate  frame  axes.  The  three-axis  body  accelerations  are  computed 
from  Inputs  from  the  three  axis  orthogonal  accelerometer  data.  Appropriate  compensations  are  applied  to 
the  body  acceleration  signals  to  correct  for  known  fixed  and  temperature  sensitive  errors.  The  temperature 
compensations  utilize  measurements  obtained  from  sensor-mounted  thermal  transducers. 

The  transformed  body  acceleration  data  are  Integrated  to  derive  measurements  of  aircraft  velocity  components 
In  navigation  coordinate  axes.  Prior  to  integration,  corrections  are  first  applied  to  the  transformed 
accelerations  signals  for  Coriolis  acceleration  effects  and  to  compensate  for  gravitational  acceleration 
along  the  vertical  axis.  The  gravitational  acceleration  compensation  is  based  on  calculated  aircraft 
iltitud#  and  position.  To  prmvant  vertical  channel  divergence  under  sensor  error  conditions,  Air  Data 
barometric  altitude  Is  mixed  with  Inertial  velocity  for  the  vertical  channel  computation  elements  through  a 
complimentary  filter.  Inertial  vertical  speed  and  aircraft  altitude  are  derived  from  this  filter. 


r,  * 

'r.  '  » 


The  computed  aircraft  velocity  In  navigation  frame  coordinates  Is  operated  upon  to  calculate  the  Instantaneous 

horizontal  angular  rotation  rate  of  the  locally  level  navigation  coordinate  frame  relative  to  earth  fixed 

coordinates.  These  rates  are  than  Integrated  using  direction  cosines  to  compute  aircraft  position  over  the  •  * 

earth  In  the  form  of  the  orientation  of  the  navigation  frame  relative  to  earth  fixed  coordinates.  The 

navigation  frame  Z-axIl  angular  orientation  relative  to  earth  fixed  coordinates  defines  the  aircraft  position.  r':'' ' 

The  x,  V  navigation  axes  orientation  data  relative  to  the  earth  fixed  coordinates  (l.a.  wander  angle)  L- — 

defines  the  true  north  reference  for  navigation  output  data.  The  aircraft  orientation  relative  to  earth 

coordinates  requires  an  additional  transformation  from  body  to  navigation  axes  using  the  body  axis  direction  , 

cosine  matrix,  derived  from  gyro  data. 


I  The  IRU  output  functions  during  the  navigation  mode  ere  derived  from  the  body  rate,  body  acceleration, 

t~ attitude,  velocity,  and  position  data  developed  during  tha  above  described  navigation  operations.  Additionally, 
•  tha  output  function  calculations  Incorporate  •  magnetic  variation  computation  for  use  In  referencing  output 

f***.  data  to  magnetic  north  rather  than  true  north.  Tne  magnetic  variation  data  Is  a  computed,  as  a  function  of 

...  calculated  aircraft  position,  basad  on  a  stored  data  table. 


Alignment 

The  beslc  aquations  utilized  In  the  alignment  Initialization  process  are  similar  to  those  for  navigation. 

In  this  case,  the  assumption  that  tha  vehicle  carrying  tha  Inertial  system  Is  stationary  so  that  stnsad 
acceleration  Is  due  to  the  affects  of  gravity  Inputs  on  ths  ssnsors  (l.a.  vehicle  disturbances  sre  transitory 
and  can  be  filtered  out).  Establishing  the  orientation  of  tha  systems  with  respect  to  vertical,  therefore, 

Is  accomplished  by  measurement  of  the  direction  of  the  served  acceleration  vector  (gravity)  relative  to 
bodv  axes.  Tha  Initial  heading  Is  established  In  a  similar  fashion  by  the  assumption  that  tha  rate  Input 
to  the  system  Is  due  to  earth  rotation.  Since  the  horizontal  component  of  tha  aarth  rata  vector  Is  directed 
north,  the  components  of  this  measured  vector  In  the  leveled  reference  coordinate  frame  are  used  to  coapute 
the  system  heading  relative  to  true  north. 

The  fine  alignment.  Implementation  uses  a  saven  stata  Kalman  filter  with  a  pro-sat  gain  schadula  to  parform 
tha  alignment  function. 


l  '  *. 


Attitude  Mode 

The  basic  equations  Implemented  In  the  attitude  mode  are  similar  to  those  used  for  the  attitude  portion  of 
the  navigation  function.  Tha  major  differences  are  that  tha  earth  rate  and  transport  rata  terms  are  deleted 
(due  to  the  absence  of  position  and  velocity  data)  and  a  special  vertical  erection  loop  Is  added.  Tha 
absence  of  earth  rata  compensation  causes  tha  azimuth  to  ba  space  stabilized  resulting  In  apparent  low 
magnitude  heading  drift  due  to  aarth  rotation. 


Erection  of  the  attitude  matrix  with  respect  to  the  apparent  vertical  Is  accomplished  with  a  second  order 
control  loop.  Since  erection  Is  In  the  direction  of  the  apparent  vertical  (I.e.  In  the  direction  of  gravity 
sinus  vehicle  acceleration),  “down11  for  a  coordinated  turn  Is  in  the  plane  normal  to  the  wings.  Because  of 
this,  the  vertical  reference  will  be  offset  during  turns  and  erection  cutout  logic  is  employed  when  a 
heading  rate  threshold  Is  exceeded  to  Unit  this  error  In  the  vertical. 


Initialization  of  the  attitude  node,  prior  to  engagenent  of  the  closed-loop  second  order  dynamics,  Is 
acconplished  by  proportional  torquing. 

In  addition  to  the  attitude  function,  the  complementary  baro-lnertlal  filter  remains  operative  in  the 
attitude  node  to  provide  altitude  and  altitude  rate  outputs. 

IRS  Selectable  Modes 


The  IRS  has  four  nodes  selectable  from  the  IRMP  as  shown  In  Figure  21;  OFF,  ALIGN,  NAV,  and  ATT.  Primary  |t; 

nodes  of  operation  are  the  ALIGN  and  NAV  modes,  with  the  ATT  mode  selected  as  a  reversionary  node  should  a 
failure  cause  the  NAV  node  to  be  inoperable,  or  should  a  total  loss  of  power  cause  the  reference  attitude 
and  position  data  to  be  lost. 

0  OFF  Mode  -  The  OFF  mode  removes  pjwer  fron  the  IRU  and  IRMP  with  the  exception  of  the  circuits  > 

required  to  Initiate  the  operating  modes.  r 

°  ALIGN  Mode  -  The  ALIGN  node  provides  leveling  and  heading  determination  required  to  initiate  the  l 

NAV  node.  This  node  requires  10  seconds  of  initialization  during  which  the  initial  BITE  1$ 
completed  and  ten  minutes  of  alignment  characterized  by  a  Kalman  filter.  The  filter  gains  are 
predetermined  functions  of  align  time  developed  for  an  optimum  final  alignment  error  that  considers 
the  sensor  noise  characteristics  and  the  aircraft  disturbances  that  may  occur  during  alignment, 
such  as  wind  gusts,  refueling  and  passenger- loading. 

The  mode  requires  initial  latitude  and  longitude  inputs  from  either  the  IRMP  or  one  of  the  two 
flight  management  computers  (FHC).  The  IRS  estimates  latitude  as  well  as  heading;  however,  the  | 

input  values  for  both  latitude  and  longitude  are  used  as  the  navigation  initial  conditions  because 
the  input  position  values  are  more  accurately  known. 

The  IRS  alignment  concepts  allow  the  latitude  input  to  be  entered  any  time  during  the  process 
without  compromising  either  alignment  time  -r  accurocy.  For  example,  the  conventional  process 
requires  that  latitude  be  entered  before  the  alignment  process  begins  because  It  is  used  to 
calculate  the  vertical  componsnt  of  earth  rate  during  the  process,  hoover,  the  IRS  proceeds 
with  the  alignment  process  and  corrects  the  introduced  error  at  the  and  of  the  alignment  -  after 
the  latitude  has  bean  Insarted. 

•  NAV  Mod*  -  The  NAV  mode  provides  a  worldwidt,  all-attitude,  inertial  navigition  mode.  The  mode  i* 
provides  41  navigation  and  body- referenced  parameters  to  various  avionics  systaes  on  the  alrpUae. 

•  ATT  Mode  -  The  ATT  mode  is  a  back-up  mode  selected  by  the  pilot.  If  Lhc  inertial  reference  is 

ever  lost  due  to  power  interrupts,  the  pilot  select;  the  ATT  mode,  which  provides  attitude  output,  '*'■ 

with  full  performance  in  20  seconds.  Hssding  is  initialized  by  tbs  crew  member  with  a  reference  i. 

heading  input  via  the  IRMP  or  FMC.  Once  initialled,  the  IRU  provides  valid  heading  as  well  as 
attituda  in  this  mods. 

Selactsbla  Mods  Ssouencs 

Ths  IRS  oparation  Is  else  controlled  by  the  mode  selection  sequence  that  provides  additional  capability. 

The  mode  sequences  are  controlled  by  the  pilot  from  the  IRMP,  with  each  of  the  IRUs  controlled  by  their 
separate  mode  control  knobs,  £ 

°  OFF  to  ALIGN  -  The  IRU  remains  in  ths  ALIGN  mode  as  long  et  the  mode  is  selected  and  continues 
the  fine  leveling  an  earth  rata  estimation.  This  allows  the  pilot  to  control  when  the  NAV  mode 
is  entered,  with  the  potential  of  improving  the  navigation  performance  if  delay*  prolong  the  time 
at  the  gate,  since  navigation  performance  is  a  function  of  the  time  in  the  NAV  mode. 

0  OFF  to  NAV  -  The  NAV  mode  may  be  selected  immediately.  It  result*  in  an  alignment  time  of  10 

minutes,  after  which  the  IRU  automatically  enters  the  NAV  mode.  This  mode  sequence  requires  the  Jt 
minimum  of  pilot  interaction,  mode  selection,  end  latitude/longitude  initialization  input. 

0  OFF  to  ATT  -  The  attitude  mode  has  priority  over  all  selectable  modes  snd  is  entered  immedstely 
upon  selection.  The  ATT  mode  is  deselected  only  by  the  OFF  mode  since  operational  entry  of  the 
NAV  or  ALIGN  mode  is  not  possible  because  of  the  loss  of  ths  navigation  reference  data  in  the  ATT 
mode. 

•  NAV  to  ALIGN  -  After  the  NAV  mode  has  been  entered,  the  ALIGN  mode  t»ey  be  reentered  if  the  indicated  Jt 

S  round  spaed  is  less  thin  20  knots.  This  feature  provides  increased  accuracy  for  a  route  that 

ncludes  several  takaof f/landings,  since  the  ALIGN  mode  may  ba  entered  while  the  aircraft  is 
stationary.  The  velocities  are  reset  to  zero,  and  the  alignment  process  is  initiated,  which 
rapidly  determines  the  approximate  level  and  continues  to  refine  the  leveling  end  heading  determinate  a- 
as  long  as  the  ALIGN  mode  is  selected.  Inputs  of  latitude  or  longitude  or  both  may  be  entered 
but  are  not  required.  When  initial  data  is  entered,  the  Information  updates  the  present  position 
end  increases  the  position  accuracy. 


0  NAV  to  ALIGN  to  NAV  -  When  ALIGN  node  Is  momentarily  selected  and  the  IRS  returns  to  the  NAV 

■ode,  velocities  are  set  to  zero  and  within  30  seconds  the  level  attitude  1$  determined.  The  IRS 
autonatlcally  rcaalns  In  the  ALIGN  node  for  the  required  30  seconds,  even  though  the  mode  control 
Is  prematurely  returned  to  the  NAV  mode. 

These  selectable  modes  and  sequences  are  summarized  In  table  14. 


Table  14.  IRS  Selectable  Modes 


Normal 

Alignment 

10  minute  self  alignment,  leveling  and  gyrocompass 

NAV 

Provides  fuH  system  performance 

Attitude 

WCTUPf  QranrVTj  KVCWI  (TMCMnwIi  10  pfOrtO#  MitUM 

and  heating  data  —  fuN  performance  In  SO  seconds 

Ajuam  IJjuIa 

uown  moot 
Alignment 

fMkklli  tMlOCMiA  to  ZAfO  Hid  thft 

-piettorm- m  SC  seconds 

Operation  Monitoring 

The  IRS  Includes  a  comprehensive  monitoring  and  fault  Isolation  system  provided  by  built-in  test  equipment 
(BITE).  The  BITE  provides  fault  Isolation  to  the  IRS  line  replaceable  unit  (LRU)  with  a  95  percent  success 
rate  through  tests  automatically  performed  when  the  IRS  power  Is  applied,  through  ALIGN  mode  completion 
criteria,  and  through  In-flight  monitors  and  tests.  This  detection  and  Isolation  Is  achieved  without 
IRU-to-IRU  communication,  since  IRU-to-IRU  Interfaces  have  the  potential  of  compromising  the  system  redundancy 
Integrity  through  single-point  faults.  Each  1RU  contains  a  nonvolatile  fault-storage  memory  used  for 
recording  detailed  fault  status  of  IRU  subassemblies  that  aid  In  fault  Isolation  to  the  LRU  subassembly  In 
the  maintenance  shop.  In  addition,  upon  command  by  a  remote  switch  or  e  switch  on  the  IRU,  the  IRU  establishes 
fixed  values  of  the  output  parameters  on  the  AR1HC  429  eerlal  digital  output  date  bus  for  tooting  the 
Interface  between  the  IRS  end  the  recipient  avionics  equipment.  This  test  mode  does  not  Interrupt  the 
Internal  updating  process  end  may  be  activated  at  any  time  during  the  ALIGN  or  NAV  mdoas  If  tha  ground 
speed  1e  below  20  knots. 

IRU  Hardware  features. 

laser  Gyro  •  The  laser  gyro  Is  an  Instant-on,  large  dynamic  range,  wlda-bandwldth-rate  sensor  with  extremely 
stable  performance  parameters  and  Input  axis  alignment.  The  laser  gyro  detects  end  measures  angular  rates 
by  measuring  the  frequency  difference  between  two  counter- rotating  user  beams  enclosed  In  an  optical  path. 

(See  Figure  23).  The  two  laser  beams  coexist  In  the  same  path  enclosed  by  three  elrror  surfaces.  The 
resonant  frequency  of  each  beam  Is  e  function  of  the  path  length  seen  by  the  beam.  At  rest,  with  no  angular 
rata  Input,  tha  clockwise  and  counter-clockwise  apparent  path  lengths  are  tha  same.  However,  when  the  gyro 
Is  rotated  about  the  Input  axle,  defined  to  be  perpendicular  to  the  plane  as  defined  by  the  path  of  the 
laser  beams,  one  beam  experiences  an  Increased  path  length  and  the  other,  e  decreased  path  length,  which 
results  In  two  distinct  resonant  frequences,  wherein  the  frequency  differential  Is  directly  proportional 
to  the  angular  rate.  The  frequency  difference  is  measured  by  optical  means  that  results  In  a  digital 
output.  Each  pulse  output  represents  a  fixed  angle  of  rotation  with  tha  pulst  rate  proportional  to  the 
angular  rate  input. 

Accelerometer  -  The  Inertial  grade,  force  rebalance  accelerometers  used  In  the  IRU  are  heaterless  analog 
output  davlces.  Tha  analog  output  signal  Is  digitized  by  e  precise  electronic  circuit,  the  output  of  which 
represents  e  fixed  Increment  of  velocity.  Accelerometers  from  three  manufacturers  were  certified  both  In  a 
mixed  and  matched  configuration  as  thay  are  Interchangeable  at  the  IRU  level. 

IRU  Electronics  -  The  IRU  uses  two  microprocessors  structured  In  an  Internal  parallel  bus  system,  with 
primarily  serial  digital  external  Interface*  In  ARINC  429  format.  (See  Figure  24.)  The  Honeywell  Inc.  HOP 
5301  main  processor  ts  •  sixteen  bit,  four  bit  slice  micro-processor  based  on  the  2901  Integrated  circuit 
Incorporating  doublt-preclalon  numerical  procasslng-and-date  handling  modes  that  provide  thirty-two  bit 
capability,  where  necessary.  A  second  eight-bit  micro-processor  (Intel  8048)  It  used  es  in  Input  data 
processor.  The  electronics  are  functionally  partitioned  to  minimize  Intercard  wiring  end  to  simplify  fault 
Isolation. 

IRU  Packaging  -  The  IRU  packaging  is  in  optimum  combination  of  Large  Scale  Integrated  Circuits  (LSIC),  and 
commercially- standard  integrand  circuits  and  discrete  component*.  The  IRU  Incorporates  flow-through 
cooling  end  careful  thermal  design  to  eliminate  hot  spots,  and  to  reduce  average  component  junction  temperature 
thereby  Increasing  the  IRU  reliability.  This  tharmal  design  has  been  verified  by  thermal  analysis  and 
thermal  tasting.  (Ref.  3) 
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AIRPLANE  SYSTEM  REQUIREMENTS 

The  basic  IRS  data  requlreaents  for  the  737/757/767  airplanes  are  coapared  In  Table  15  with  current  INS 
systems  in  cower  cl  al  service.  The  basic  performance  of  these  two  differing  technologies  are  the  saw 
because  the  application  requirements  are  essentially  the  same.  The  primary  differences  are  the  body  axis 
data  availability  In  the  straprfewn  configuration.  The  alignment  time  of  10  minutes  for  the  strapdown 
system  must  be  completed  satisfactorily  over  the  temperature  range  of  -15°C  to  +7Q°C  for  latitudes  of  ±73°. 
This  is  to  be  accomplished  without  heaters  and  the  power  to  the  !RU  is  limited  to  125  watts  compared  to 
1296  watts  used  by  INS  during  warmup  and  400  watts  continuous  after  warm-up  cycle  is  complete.  7 ho  IRU 
used  in  the  Boeing  757/767/737  airplanes  dissipates  under  100  watts  and  has  been  qualified  to  give  full 
prformance  over  a  90  minute  no  cooling  air  environment  to  satisfy  the  regulatory  agency  of  the  United 
Kingdom,  the  BCAA. 


Tabia  IS.  IRS/INS  Performance  Specification  Comparison 


Function 

IRS 

INS  {74T  Type) 

Align  time 

lOminutoa 

15-2S  mburtea 

Altitude 

at* 

04*  (analog) 

r 

Not  provided 

True  heading 

0.4* 

Not  tpnclftid  but  similar 

Navigation 

2  ron/hr,  world  wide 

2  nnVhr,  world  wide 

Ground  ipud 

12  knot* 

ffot  iptcifttd.  hiit 

(4-3  typical) 

typtcaNyMknota 

Vertical  velocity 

04  ft/ tec 

Not  provided 

Body  angular  retae 

0.1*/aao 

MW  pfOWW 

Body  Bccmanritaim 

OuOlg 

Not  prodded 

riphfr  pit>  imitnton 

OOlg 

Not  provided 

Tmck  angle  km 

S» 

bill  ifcnlar 

Ytftofc  in|l#  miQnittc 

** 

Not  provided 

FNgM  path  angle 

OV 

NOR  P«WwM 

Track  angle  nrta 

<US*/eec 

AleaA  -aa.J 

W"  JavWMPW 

SB 

Net  provided 

The  system  redundancy  requirements  for  the  757/767  airplanes  ere  three  separate,  Isolated  inertial  data 
channels  to  satisfy  the  requirement*  of  the  fall  operational  autopilot,  for  the  737-300  airplane,  dual, 
independent  channels  of  inertial  data  are  provided  to  satisfy  the  basic  airplane  attitude  requirements  in 
accordance  with  the  air  regulations.  This  configuration  also  satisfies  the  fail-passive  autopilot  design 
of  the  737-300  airplanes. 

The  single  inertial  mode  panel  Is  designed  so  that  no  single  failure  esn  cause  the  loss  of  more  than  on* 

IRU.  The  display  function  of  the  mode  panel  is  common  to  all  redundant  IRUs,  but  is  not  required  for 
in-flight  operations. 

LASER  SYRAKWMH  INERTIAL  REFERENCE  SYSTEM  CERTIFICATION  ISSUES 

After  reviewing  the  IRS  design  and  applications  to  the  757/767  airplane,  the  US  Federal  Aviation 
Administration  primary  certification  issues  were  the  following: 

*  Reliability  and  Failure  Modes 

*  Synthesised  Magnetic  Needing 

*  Navigation  Performance 

*  Software  Verification  and  Validation 

Tho  test  programs  and  results  described  In  the  nest  sections  were  designed  to  answer  the  fAA's  (and  Boeing's) 
concerns  and  were  successful  in  accomplishment. 

IRS  TEST  PROGRAM  DESCRIPTION  AMO  RESULTS 

The  IRS  test  program  at  Boeing  fo  the  757/767  program  consisted  of  three  phases.  The  first  phase,  called 
"Blue  Label",  involved  the  full  engineering  evaluation  of  an  engineering  model  of  the  production  system. 

This  unit  was  completely  packaged  In  •  production  configuration,  but  was  built  in  engineering  model  shops. 

The  second  phase,  called  “Red  Label",  were  pre-pro luctl on  units  built  by  production  shops  but  were  the 
systems  used  and  evaluated  during  the  757/767  alrp  an*  flight  test  program  over  a  l-%  year  period  leading 
to  certification.  The  lest  phase  called  "Black  Label"  or  full  production  built  and  controlled  units  were 
evaluated  only  for  any  changes  from  the  "Red  Label"  configuration  used  for  type  certification  demonstration 
of  the  basic  airpant.  An  overview  of  the  test  program  required  for  certification  is  shown  In  Figure  25  and 
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Boe lug  System  laboratory  Tests 

All  laboratory  configurations  w*r#  evaluated  independently  it  Boefng  tc  validate  the  Boeing  design  requirements  l 
end  supplier  changes  to  hi*  requirements.  Performance,  functional.  environmental ,  and  software  testing  “ 

wer §  performed  at  this  level.  Integration  testing  sa>s  a  key  test  with  all  interfacing  equipment  to  insure 
data  bus  and  function  compatiblity. 

A  series  of  laboratory  tests  were  performed,  using  single-axis  and  3-axis  position/ rate  tables  to  evaluate 
the  system’s  attitude,  heading,  angular  rate,  alignment,  and  navigation  performance.  Alignments  and  navigation 
runs  were  perforated  under  a  Halted  range  of  thermal  and  vibration  environments  to  evaluate  the  thermal  and 
vibration  sensitivity  and  stability  of  the  sensors.  Navigation  runs  ranged  from  2  to  10  hours  in  length. 

Interface  tests  were  performed  to  evaluate  the  ARINC  429  digital  data  bus  electrical  performance  and  functional  ™ 
compatibility  with  using  airplane  systems.  Additions!  tests  included  EH1  and  power  transient  and  power 
variation  tests,  the  systems  performed  well  within  specifications,  with  only  minor  hardware  and  software 
anomalies.  The  laboratory  test  configuration  is  shown  in  Figure  26.  There  were  no  failures  of  any  IRUs 
during  the  three  year  lab  test  program  of  all  three  system  configurations,  (Slue,  Red,  Slack).  A  summary 
of  the  scope  of  the  tab  test  program  is  given  in  Table  IS. 

Two  unique  sets  of  tests,  at  least  for  commercial  inertial  systems,  were  performed  on  the  IRUs  at  Boeing. 

These  were  3-axis  te»f#  Table  Tests  and  system  level  software  tests. 

3-Axl$  Rate  Table  Tests 

To  evaluate  the  system's  altitude  algorithm,  rate  sensitivity,  and  total  performance  under  dynamic  conditions, 
an  IRU  was  mounted  in  a  3-axis  rate  table  which  allowed  simultaneous  application  of  various  pitch,  roll, 
and  yaw  rates,  both  linear  and  oscillatory.  For  example,  the  maximum  specified  angular  rates  of  70*/tec0nd 
warm  applied  about  all  three  axes  simultaneously  for  periods  of  up  to  an  hour.  The  appropriate  output 
parameters  were  recorded  and  examined  over  this  test  period  with  no  anomalous  behavior  indicated,  which 
fully  validated  the  attitude/rate  computations,  under  worst  cate  test  conditions,  and  demonstrated  the 
all-attitude  capability  of  the  system.  This  test  allowed  evaluation  of  attitude  and  rate  accuracy  by 
comparing  IRU  outputs  with  the  table  parameters.  Of  special  interest  were  conditions  which  could  have 
singularity  problems  such  as  S0S  pitch  angles.  These  test  series  provided  excellent  confidence  in  the 
attitude  algorithms  under  a  wide  range  of  <tynamic  conditions. 
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Figure  26.  767/767  IRS  Laboratory  Tout  Contlguration 


Software  Validation 

The  other  unique  test  was  software  validation.  This  test  was  performed  at  the  system  level  with  the  software 
being  executed  as  designed  in  the  system  except  for  the  test  Input  points.  The  test  consisted  of  "opening 
up"  ('oftwsre  patch)  the  gyro  and  accelerometer  Inputs  to  the  software  and  inserting  simulated  accelerometer 
and  gyro  "pulse  count"  data.  This  would  allow  testing  under  controlled  flight  path  conditions  to  evaluate 
conditions  difficult  to  achieve  during  flight  tort.  It  also  allows  very  repeat! ble  testing  to  be  performed, 
a  necessary  cohdltion  for  evaluating  software.  This  test  configuration  Is  shown  In  Figure  27.  The  test 
driver,  resident  In  a  Harris  computer,  consists  of  an  Independently  derived  strapdown  IRU  model.  This 
model  operates  on  data  files  which  define  the  dynamic  flight  profile  and  generates  outputs  consisting  of 
body  axis  components  of  inertially  referenced  rates  and  accelerations  in  the  for*  of  gyro  and  accelerometer 
"counts".  The  Input  data  fllas  are  used  to  define  flight  profiles  for  specific  test  cases  such  at  climbs, 
turns,  specific  flight  paths,  and  combinations  of  each.  This  test  driver  Is  shown  in  Figure  20. 

Th>  IRS  Test  Driver  (IRSTO)  provides  a  mechanise:  for  dynamic  testing  of  the  IRS  computer  and  software  by 
application  of  simulated  sensor  inputs.  These  Inputs  are  generated  by  the  laboratory  simulation  computer 
(HARRIS)  and  transmitted  (via  RS-232)  to  the  IRS  test  equipment.  The  IRS  test  equipment  decodes  the  Harris 
Inputs  and  relays  the  data  to  the  IRS  computer  utilising  DMA  to  transmit  the  Inputs  to  assigned  buffers  in 
the  IRU  computer  memory.  Special  patches  are  utlllaed  In  tha  IRU  operational  software  to  disable  the 
normal  sensor  interface  and  replace  those  inputs  with  the  simulated  data,  Tho  IRU  computer  is  "slaved"  to 
the  Harris  Input,  so  that  a  single  cosputer  cycle  is  executed  following  receipt  of  each  date  block  (i.e. 
set  of  simulated  Inputs)  from  th#  Harris  computer. 

In  addition  to  the  simulated  sensor  Inputs,  the  IRU  also  receives  simulated  air  data  and  flight  management 
computer  inputs  via  an  AillHC  429  bus  from  the  Harris  computer. 

The  Harris  computer  system  also  provides  an  ARINC  429  receiver,  which  is  used  to  read  and  record  IRS  digital 
output  parameters.  Test  data  Is  obtained  from  dynamic  CRT  displays  available  at  the  simulation  operation 
console  and  printout  of  specifiea  ARINC  labels  hy  post-processing  the  recorded  data  tape, 

A  summary  of  these  tests  and  resulting  benefits  are  listed  In  Table  17. 

Supplier  Software  Verification 

The  software  verification  program  required  by  Booing  resulted  in  a  very  exhaustive  test  process  at  the 
supplier,  Honeywell  (Reference  5). 

Prior  to  beginning  the  verification  of  the  terget  eoeputer  software,  the  basic  attitude  and  navigation 
algorithms  implemented  were  required  to  be  verified. 

tho  method  used  for  verification  provides  a  comparison  of  IRU  navigation  and  attitude  response  with  results 
obtained  from  known  classical  solutions. 
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Table  18.  IRS  Lab  Test  Description  Summary 


Description 


Functional 


Modlng 


Veitfy  function*  art  present  and  mechanized 
par  (pacification 

Verify  all  jiossibt#  mode  sequences  via 
the  operator  are  acceptable  to  system 
operation 


Alignment 

Basic  stability  (day-to-day) 

Heading  sensitivity 

Thermal  sensitivity 

Attitude  orientation  sensitivity 

Time  sensitivity 

Base  motion  sensitivity 

EMt/power  (variations  and  Interrupts) 

Navigation 

Basic  stability  (day-to-day) 

Heading  sensitivity 

Thermal  sensitivity 

Attitude  orientation  sensitivity  - 

Time  sensitivity 

Base  motion  sensitivity 

EMt/power  (variations  and  Interrupts) 

Interfaces 

Digital  data  bus  electrical 
characteristics  and  performance 


Digital  data 

interface  airplane  systems 


Attitude  algorithm 

SetuiHvfty  to  maximum  angular 
rata*  around  at)  3-axes 


Software  Validation 
Magnetic  heeding  aynthesii 


Baro-inertial  fitter 


Atign/ettilude/navigation 


Attitude  moda 


Perform  repeated  alignments  under 
various  heading,  attitude,  and 
environmental  conditions  to  evaluate 
basic  performance  and  sensitivities 
to  these  conditions 


Perform  repeated  navigation  drift 
runs  under  various  unit  orientation* 
and  environmental  condition*  and  time 
to  evaluate  basic  performance 
and  sensitivities 


Eveluat#  be  sic  signal  performance 
(rite  time,  thmahotd)  under  various 
load  and  external  fault  condition 

Verity  data  format  and  rata* 

Validate  communication  and  response  is 
acceptable  under  various  loads,  mods*, 
and  tauit  conditions  whan  connected  to 
interfacing  system 


Validate  attitude  data  performance 
ie  acceptable  under  any  attitudi 
orientation  and  rot* Hoc  stquenc* 


Evaluate  cyntheaii  program  limit*  and 
performance  on  worldwide  basis 

Evaluate  performance,  response  and  logic 
with  step  and  dynamic  air  data  Incuts 

Evaluate  algorithm*  under  simulated 
airplane  flight  profile*  (a.g,  align  al 
southern  latitudes  and  navigate  oust 
the  pots) 

Evaluate  attitude  mod#  performance 
under  various  airplane  dynamics 

Evaluate  BIT  response  to  simulated  failures 


>  • 


I  • 
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The  basic  Navigation  algorithm  Is  verified  using  a  computer  program  (Global  simulator)  which  generates  gyro 

and  acceleroaeter  pulse  counts  by  numerical  Integration  of  dynamic  equations  of  a  point  moving  or>  a  great 

circle  orbit  In  Inertial  space,  Tha  derived  gyro  and  accelerometer  pulse  counts  are  In  turn  entered  into 

the  IRS  strapdown  navigation  equations  and  the  resulting  navigation  solution  is  compared  to  that  used  to 

define  the  Inertial  orbit.  The  errors  darlved  by  comparison  of  the  navigation  equation  Integral  with  the  ,  •  ♦ 

Inertial  orbit  are  the  basic  Schuler  and  Focault  Inaccuracies  of  the  strapdown  navigation  algorithms.  The 

process  util  lied  Is  shown  in  Figure  29. 

The  IRS  attitude  algorithm  simulation  (IRS  C  Matrix  Spin  Simulator)  Is  a  Fortran  Computer  Program  which 
generates  a  rinsed  form  analytic  solution  of  the  IRS  attitude  differential  equations.  This  solution  is 
than  compared  to  an  Inttgral  of  the  IRS  attitude  Integration  algorithms  for  evaluation  of  truncation  and 
drift  characteristics  of  tha  algorithms. 

_  •  _  § 

Once  the  algorithms  themselves  were  correct  and  implemented  with  sufficient  accuracy,  the  target  software 
verification  process  was  started. 
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Tablo  17.  Boeing  S/W  Validation  Teat  Summary 


•  Test  Coverage 

Computational  accuracy 

—  Correlate  IRS  outputs  with  known 
flight  path  (e.g.  great  circle, 
constant  radius  turn) 

Special  caaea/aingulartties 

—  Run  special  cases  (such  as  polar 
crossings)  where  flight  testing  Is 
either  difficult  or  Impractical 

Dynamic  range 

—  Allows  verification  of  IRU  transfer 

function  through  complete  range  of  Inputs 

Bite  evaluation 

—  Provides  complete  control  of  external 

Interface  and  computer  operation  for 
evaluation  of  response  to  fault 
conditions 

•  Test  Experience 

—  Software  was  thoroughly  verified  by 
vendor  previously.  A*  a  result,  few 
problems  were  Identified,  and  none 
critical.  Evaluation  of  various 
flight  conditions  results  In  elimin¬ 
ating  airplane  flight  test  conditions 
to  verify  system  performance  which 
resulted  In  large  cost  savings. 

CLASSICAL 

NAVIGATION 

EQUATIONS 


eat 


Figure  29.  Algorithm  Verification  —  Navigation 


Fundamental  to  a  good  verification  program  Is  a  straightforward,  structured,  nodular  design  which  lends 
Itself  to  complete  and  visible  testing.  This  was  established  by  Boeing  and  Honeywell  early  In  the  program, 
with  the  Software  Design  Standards  used  by  Boeing  for  all  suppliers. 

The  supplier  established  an  Independent  test  team  from  the  software  design  group  and  both  the  design  and 
verification  test  procedures  were  reviewed  and  approved  by  the  Inertial  systems  engineering  personnel  who 
had  established  the  design  requirements.  In  addition  to  the  testing,  walk  through  reviews  were  held  for 
the  design,  test  procedures,  and  test  cases  used. 

Boeing  added  another  check  to  this  process  by  performing  an  Independent  review  and  approval  of  the  test 
procedures.  This  process  was  also  used  for  any  retesting  required  due  to  changes  In  the  code. 

A  very  tightly  controlled  change  process  was  used  to  Insure  all  changes  were  Implemented  and  tested  properly. 
For  consistency  and  accuracy,  the  change  process  was  also  applied  to  software  documentation  from  requirements 
to  tost  procedures. 


The  tests  included  individual  module  verification  tests,  module  integration  tests,  hardware/software  Integration, 
and  end-to-end  tests  of  total  software/  hardware  elements.  As  an  example  of  the  latter  testing,  a  trajectory 
generator  was  used  to  "drive11  the  system  align/navigation/attitude  solutions  and  logic  under  various  initial 
conditions  and  flight  paths.  These  solutions  were  compared  to  the  "standard"  high  level  language  simulation 
on  a  host  computer  for  acceptance. 


The  results  of  this  total  software  development,  test  and  change  tracking  process  were  very  successful  when 
considering  the  complexity  of  the  problem  being  solved  by  the  IRU.  Only  38  software  problem  reports  were 
Issued  at  Boeing  as  a  result  of  Boeing  tests  over  1-1/2  years  of  lab  and  flight  testing.  Of  these,  12  were 
found  as  a  result  of  flight  test  and  only  3  of  these  were  viewed  as  significant  to  certification.  Even 
more  Interesting  is  the  fact  that  only  15  of  the  38  were  true  software  design  or  code  errors.  The  majority 
of  the  errors  were  Incorrect  design  requirements  provded  by  the  systems  engineers  to  the  software  designers. 
The  distrubtion  of  S/W  errors  over  the  test  program  life  is  shown  in  Figure  30. 
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IRU  FLIGHT  TEST  PROGRAM  DESCRIPTIONS  AND  RESULTS  §_ _ » 

757/767  Flight  Test  Performance  Results. 

Extensive  flight  testing  by  Boeing  was  performed  to  validate  and  certify  the  IRS  functions. 

The  "Blue  Label"  or  engineering  system  was  initially  flight  tested  on  747  and  737  test  airplanes  to  verify 

the  system  would  operate  satisfactorily  in  the  airplane  dynamic  and  electrical  environment.  This  test  was 

very  successful  with  excellent  navigation  performance  exhibited  and  no  problems  experienced  In  the  airplane 

environment.  '  _rr  ; 

Flight  testing  of  the  IRUs  durlnq  the  757/767  test  program  accumulated  over  84,000  unit  operating  hours  on 
nine  aircraft  using  a  total  of  Si  IRUs. 

The  data  summarlieii  in  Tables  18,  19,  and  20  are  the  IRS  navigation  performance  resulting  from  757/767 
flight  test  activity.  These  data  were  obtained  from  a  total  of  nine  aircraft  (five  757* s  and  four  767' s) 

comprising  the  Boeing  flight  test  fleet.  The  source  of  data  Is  the  IRS  operation  log  which  was  completed  | _  f> 

for  each  flight  after  landing  and  includad  final  position  and  velocity  data  with  tlma  In  nav  and  flight. 

The  data  base  consists  of  2600  757  system  flight  hours  and  5100  767  system  flight  test  hours. 

These  data  show  that  the  IRS  navigation  performance  demonstrated  In  the  757  and  767  airplanes  Is  In  compliance 
with  the  requirements  of  FAR  121  Appendix  G  and  AC  25*4  and  therefore  Is  satisfactory  as  sole  source  of 
navigation  data  for  long  rang*  navigation  routes. 
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Table  18.  IRS  Navigation  Performance  Summary  Combined  757/767  Airplane  Tests 


Data  Category 

Flight 

Hours 

Number  IRU 
Flight* 

IRU’s 

Used 

Radial  Error 
Rate  (95%) 
(nml/hr) 

All  flight  teat  data 

7891 

2340 

91 

1.85 

All  flight  teat  data - 
exdude  flights  where 
ground  time  >50%  ot 
flight  time 

7490 

2014 

91 

1.69 

AN  flight  teat  data 
uee  NAV  time  Instead 
oifltghttimeto 
compute  RPE  rate 

9  331 

2  240 

91 

1.58 

CertiflcstJon  configuration 
IRU’a- exclude  flight* 
where  ground  time 
>60%  of  flight  Arne 

3584 

971 

44 

1.47 

Table  19.  IRS  Navigation  Performance  Summary  757  Airplane  Tests 


Data  Category 


AH  flight  leet  data 


AN  flight  teat  data  ~ 
axctodaNghtawhara 
ground  Him  >80%  ol 
flight  tlma 


FHght  Number  IRU 

Houra  night* 


AN  flight  teat  det* 
uee  NAV  time  Instead 
oi  flight  time  to 
compute  RFC  rate 

3321 

Certtttcation  configuration 
HIV*  —  exclude  lights 
ihici  ufound  Mm 

>80%  ot  flight  Nme 

1913 

— 

IRU1* 

Used 

Radial  Error 
Rate  (95%) 
(nml'hr) 

63 

1.84 

63 

1.96 

63 

1 M 

40 

1.44 

Table  20.  IRS  Navigation  Performance  Summary  767  Airplane  Tests 


Date  Category 

Fight 

Hours 

Number  IRU 
Fights 

IRU* 

Used 

RsdM&rot 
Rste  (96%) 
(nml/hr) 

AN  flight  teat  data 

sot7 

1374 

97 

1.94 

AN  Night  test  date - 
exclude  fflghl*  where 
ground  Mm*  >80%  ol 

flight  Nme 

4988 

1247 

97 

1.71 

AN  flight  tad  dels 
uee  NAV  Nme  Instead 
ol  flight  time  lo 
compute  RPC  rale 

B 

1374 

97 

1.86 

CerttflcaMon  oonflguraNon 
HUTs  —  exdude  flights 
wham  ground  Mars 
>80%  ot  flight  Nme 

1971 

410 

27 

1J1 
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The  overall  95%  radial  error  rate  for  all  flights  (2240  system  flights)  is  shown  to  be  1.85  nrc/hr,  which  is 
within  the  2.0  ruo/hr  specification.  This  is  a  very  conservative  estimate  of  the  IRS  performance  because 
flight  time  and  not  time  in  NAV  mode  was  used  to  compute  the  radial  error  rate.  The  radial  position  error 
is  determined  by  computing  the  distance  between  the  indicated  position  displayed  on  each  IRU  and  the  known 
true  position  of  the  parked  aircraft  at  the  completion  of  flight.  The  95%  radial  position  error  rate  is 
established  by  utilizing  the  following  equation  to  process  the  ensemble  of  radial  errors: 


*95  -  2.45 


Where  n  =  number  of  data  samples 

RPEj  »  radial  position  error,  1th  data  sample 

Tj  =  flight  time,  1th  data  sample 

These  three  tables  provide  a  summary  of  IRS  navigation  performance  in  each  airplane  and  for  the  combined 

data  sets.  Data  Is  also  provided  for  comparison  to  show  the  differences  in  performance  due  to  the  relatively 
substantial  operating  time  on  the  ground  In  the  flight  test  environment.  One  category  excludes  all  flights 
where  the  operating  time  In  navigate  mode  prior  to  flight  is  excessive  (exceeds  50%  of  flight  time).  The 
result  of  segregating  theso  flights  is  to  reduce  the  measured  radial  error  ratio  by  9%  (1.85  to  1.69  nm/hr). 

The  data  was  further  evaluated  to  show  the  relationship  of  radial  position  error  rate  as  a  function  of 
flight  time.  The  Figure  31  plot  was  obtained  by  successively  removing  data  below  a  specified  minimum 
flight  duration  threshold.  The  intent  of  this  plot  is  to  show  the  relative  improvement  of  radial  error 
rate  as  a  function  of  Increasing  flight  duration.  For  example,  an  Improvement  of  approximately  45%  1$ 
evident  in  Figure  31  if  the  coeputed  radial  error  rate  for  all  flights  is  compared  to  the  subset  which 
includes  only  those  flights  in  excess  of  6  hours  flight  duration.  This  was  done  to  show  the  regulatory 
agencies  that  radial  error  rate  for  short  flight  periods  is  misleading  as  an  Indicator  for  over  all  navigation 
performance. 


MINIMUM  RIGHT  OUAATtON  (MR*) 


figuft  31.  kP€  Htit «  Uinlmum  Higw  Ckuuion 


»  t 


_• . 


An  evaluation  of  the  fliQht  test  data  was  also  performed  to  determine  the  velocity  performance  being  demonstrated. 
k  total  of  2320  IRU  flights  (3  IRUs/flight)  repressnted  the  populetion  for  this  snalysis.  Only  terminal 
(after  landing)  date  were  available,  but  because  of  the  large  population  which  covered  a  wide  range  of 

flight  times,  profiles,  and  units,  the  estimate  was  felt  to  be  valid.  The  flight  data  analysis  showed  the  •  • 

velocity  (ground  speed)  performance  to  be  less  than  8  kn,  95%  basis. 
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Flight  Test  Events,  Operations  and  Problems  of  Interest 
Performance  Problems 

As  previously  Inferred  and  as  shown  with  the  navigation  test  data,  very  few  problems  were  encountered 
during  flight  test.  Those  that  did  can  be  categorized  as  BITE,  Baro- inertial /Vertical  acceleration  loop, 
anti-aliasing  filtering,  and  Schuler  "pumping". 

The  BITE  problems  resulted  from  tolerances  set  too  tight  or  the  test  turned  out  to  be  impractical.  One 
such  test  was  cross-track  velocity  which  was  designed  in  an  attempt  to  automatically  detect  unacceptable 
navigation  performance  at  the  end  of  the  flight  by  calculating  what  the  cross- track  velocity  (velocity 
error)  was  when  the  airpane  was  in  rollout  on  the  runway  (i.e.  when  actual  cross-track  velocity  was  zero). 

Early  in  the  program,  large  velocity  errors  were  being  Induced  by  a  gyro  connector  problem  (unknown  at  the 
time)  and  when  the  airplane  was  turning  during  taxi  on  or  off  the  runway,  this  error  would  often  be  in  a 
direction  to  add  to  the  actual  cross-track  velocity  created  by  the  lever  arm  action  on  the  IRU  which  can  be 
TOO  to  150  feet  from  the  turn  center  depending  on  nosewheel  angle.  This  event  is  depicted  in  the  kinematic 
diagram  of  Figure  32  and  the  parametric  analysis  shown  in  Figure  33.  This  figure  Indicates  the  BITE  test 
sensitivity  to  the  turn  maneuver  during  taxi  operations  when  a  10  knot  error  exists  in  the  cross  track 
direction.  The  result  was  the  cross-track  velocity  error  threshold  was  exceeded  and  the  IRU  would  fault. 

The  frequency  of  this  event  became  unacceptable  and  the  test  was  removed.  The  gyro  connector  problem 
causing  the  larger  than  normal  velocity  error  was  eliminated  also,  but  the  test  was  not  reinstated.  The 
decision  was  made  to  let  the  crew  determine  the  out-of-tolerance  navigation  or  velocity  performance,  as  is 
done  with  the  glmbal  INS  in  commercial  service. 

The  baro-inertial/vertical  acceleration  problems  stemmed  from  interface  incompatibilities  with  the  autopilot 
and  were  due  to  output  filter  Instability  under  small  altitude  changes  from  the  air  data  input,  and  undeslreable 
response  to  air  data  failure  conditions.  These  were  not  difficult  to  resolve,  but  it  took  the  l-%  years 
flight  period  to  discover  them  all. 

Based  on  the  anti-aliasing  filter  analyses  performed  in  support  of  the  system  specification,  the  body  rate 
and  acceleration  data  were  specified  to  have  an  8Hz  bandwidth.  Because  of  design  constraints  and  compromises 
made  during  the  development  of  the  digital  autopilot  and  autothrottle  systems,  It  was  discovered  during  the 
flight  test  that  this  "wide1'  bandwidth  was  causing  some  instability  in  the  control  loops.  These  automatic 
control  systems  were  undersampllng  (20Hz)  the  data  (50Hz)  and  the  high  level  of  vibration  noise  in  the 
S-BNz  region  at  the  inertial  system  location  was  getting  folded  over  or  "aliased"  Into  the  control  system 
bandwidth  (l-2Hz)  by  virtue  of  their  low  sample  rate  processing.  Changing  the  second  order  Butterworth 
filter  bandwidth  from  BHx  to  3.2Hz  resolved  the  problem. 

The  last  category,  "Schuler  pumping",  is  not  unique  to  strapdown  systems,  but  because  of  the  strapdown 
mechanization  this  phtnomenon  occurs  more  easily  and  one  must  be  aware  of ’this  system  sensitivity  for 
strapdown  applications. 


The  strapdown  operating  characteristic  Is  such  that  the  align  solution  compensates  for  any  accelerometer 
bias  by  providing  an  attitude  error  or  tilt  with  respect  to  the  level  plane  which  results  in  exact  cancellation. 
For  an  ideal  system,  with  no  heading  change,  the  ground  speed  would  remain  constant  (zero). 

The  effect  of  a  ISO0  heeding  change  at  align  completion  (T»10  minutes)  would  result  in  a  step  input  to  the 
Ifcti  of  twice  the  accelerometer  bias  <*2X  btss)  (i.t.  accel  bias  vactor  reverses  direction).  This  would 
'  cause  the  sinusoidal  response  shown  in  Figure  34. 

If  another  180°  heading  ehfttga  Is  attempted  at,  for  example  40  minutes,  the  effect  would  be  to  Introduce  an 
additional  step  input  of  *2  X  bias.  The  response  to  this  input  would  be  a  sinusoid  of  opposite  sign,  as 
tiro#*  in  figure  34,  The  net  IftU  response  would  then  be  represented  by  the  linear  sue  of  tha  response  to 
the  initial  rotation  and  tha  response  to  the  40  minute  rotation,  as  shown  in  Figure  34. 

Inspectionef  Figure  34  indicates  that  subsequent  heading  changes  can  either  increase  or  decrease  the 
amplitude  of  the  IRU  Schuler  oscillation,  depending  on  the  heading  angle  change  and  the  phasing  of  the 
existing  Schuler  oscillation  at  the  time  that  the  heading  change  Is  made. 

This  cause  of  Occasional  high  ground  speeds  was  verified  by  examining  flight  test  profiles  which  had  a 
Isisje  ground  speed  at  the  end  of  the  flight,  and  correlating  the  velocity  errors  with  heading  changes.  A 
vivid i  example  is  shown  in  Figure' 35.  The  systems  exhibiting  these  large  “Schulers“  had  accelerometers  from 
on*  vender  exhibiting  relatively  large  bias  errors  (since  fixed)  which  magnified  the  “pumping*1  action  of 
the  flight  profile.  A  verification  of  this  error  source  was  performed  by  simulating  a  large  accelerometer 
bias  error  and  comparing  tha  error  analysis  results  which  was  run  using  the  same  heading  change  profile  as 
the  actual  flight,  against  the  actual  flight  test  data.  Good  correlation  is  shown  In  Figure  36. 

-;ThH  strapdown  sensitivity  was  not  expected  to  be  excited  during  the  relatively  benign  commercial  flight 
profiles  and  this  seems  to  be  a  correct  assumption,  based  on  limited  velocity  data  taken  during  in-service 
observations  and  the  lack  of  removals  or  customer  complaints  on  ground  speed  performance,  in  addition,  the 
o«rly  accelerometer  performance  problem  has  bean  resolved  so  that  any  “pumping*  action  would  result  in  much 
smaller  errors. 
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S/W  VELOCITY  COMPARISON 


Operational  Problem 

Whan  specifying  the  design  of  the  magnetic  field  model  for  tha  inertia)  reference  system,  consideration  was 
given  to  the  effect  of  long  ter*  earth  magnetic  field  “drift"  on  maintenance  or  updates  to  the  stored  model 
over  the  life  of  the  system. 

A  great  deal  of  study  and  analysis  of  historical  magnetic  field  behavior  was  performed  by  Boeing.  1*  was 
concluded  that  tha  magnetic  field  model  could  be  sefely  “pushed"  10  years  into  the  future  such  that  ns  time 
passed,  tha  magnetic  variation  data  in.  the  XRU  became  more  accurate  until  the  10  year  point  was  reached. 
After  that  the  data  was  expected  to  degrade  assuming  tha  earth's  magnetic  field  continued  to  exhibit  It's 
“westward  drift",  as  it  generally  has  ovar  tha  last  60  years  of  observation. 

Our  clever  scheme,  then,  was  to  uae  a  1990  modal  based  on  the  1980  (latest  available)  aodal  which  has  the 
1st  time  derivative  included. 

During  flight  testing,  the  pilots  complained  they  were  seeing  2-3“  errors  at  takeoff  at  certain  airports, 
and  found  this  to  be  unacceptable.  An  investigation  revealed  that  the  magnetic  reference  data  used  for 
airfields  and  AAV  aids  (V08s)  by  the  FAA  were  as  much  as  15-20  years  out-of-date.  This  fact  when  coupled 
with  the  1990  model  in  the  IRU  produced  errors  which  appeared  worse  than  thay  really  were  by  the  high 
resolution  CAT  heading  displays.  This  “error  magnification*  is  shown  in  Figure  37.  The  numeric  date  in 
tha  heading  window  also  contributad  to  this  magnification. 

Tha  pilot  unacceptabllity  came  as  a  surprise  and  was  disappointing,  because  we  had  to  go  back  to  the  1980 
magnetic  field  model  to  develop  display  data  compatible  with  the  "old*  facilities  reference  information. 

It  is  doubtful  tha  FAA  will  update  their  reference  information,  except  incrementally,  as  operations  show  a 
need.  European  facility  reference  data  did  not  show  this  "aging"  problem  and  appears  to  be  relatively 
current  (<  10  years  old).  However,  even  with  this  change  In  epproech,  the  field  modal  appears  compatible 
with  a  20  year  system  life. 

IRU  Airplane  Instrumentation  Utility 

One  Interesting  aspect  of  the  flight  test  progrem  that  was  not  a  problem,  occurred  because  of  the  IAS 
attributes.  Enough  confidence  In  this  system  h*d  been  generated  through  the  "fly-off  competition  and  tha 
engineering  model  (blue  label)  tasting  on  e  737  aid  7«7  that  tha  IRU  was  designated  to  be  used  at  basic 
airplane  instrumentation  during  the  757/767  flight  test  program  for  other  testing  Such  as  aero,  brakes, 
anti-skid,  stability  and  control,  etc.  Tha  quality  and  reliability  of  the  rate,  acceleration,  attitude, 
heading,  and  velocity  data  satisfied  ell  of  the  instrumentation  requirements  for  these  parameters.  Thus, 
no  further  instrumentation  system  needed  to  be  installed  to  provide  these  data  measurements,  e  great  savings 
to  the  test  program. 

Iona  Range  Navigation  Oata  Flicht  Test 

In  addition  to  the  Boeing-conducted  flight  tests,  a  long  range  certification  exercise  vis  conducted  on  an 
American  Airlines  747  freighter  in  revenue  service  to  collect  reliability  and  performance  demonstration 
leading  to  Iona  range  navigation  certification.  This  test  accumulated  over  1200  hours  on  tour  !RUi.  A 
triple  IAU  pallet  was  installed  it  shown  In  Figure  38  and  flown  on  the  routes  shown  in  Figure  39.  Only 
flight  paths  which  had  flight  times  greater  than  three  hours  were  counted  as  data  flights. 

A  summary  of  tha  overall  test  program  Is  givtn  In  Table  21,  with  a  navigation  performance  for  the  data 
flights  by  city-pairs  shown  in  Table  22. 

A  series  of  comparative  analyses  of  tha  test  data  were  made  to  establish  any  correlation  of  IRU  performance 
with  flight  path.  Inspection  of  the  results  shown  in  Teble  22  shows  that  no  flight  path  dependency  or 
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Figure  39.  IRS  Long  Range  Navigation  Data  Flights 


Table  21.  IRS  Long  Range  Navigation  Flight  Test  Results 


Total  Operating  Tima 

1  236  hours 

Total  FHgHt  Tima 

1077  hours 

Total  System  Flights 

278 

Total  System  Data  Flights 

169 

Number  of  IRU's 

4 

Navigation  Performance  (Data  Flights) 

1.88  nm/hr  (96tt) 

Navigation  Performance  (AH  Flights) 

1.63  nm/hr  (99%) 

Terminal  Along  Track  Error  Rate 

0.76  nm/hr  (09%) 

Terminal  Cross-Track  Error  Rate 

1.90  nm/hr  (96*) 

%  IRU  Flights  Within  Specification 

99, MS 

Failures 

1  (false) 

Table  22.  Long  Range  Navigation  Data  Flight  Route  Summary 


Route 

Number  of 
Flights 

Approximate 
Great  Circle 
Distance  (nml) 

General 
Direction 
of  Travel 

Average 

Flight 

Time  (hr) 

Average 

RPER 

(nmt/hr) 

A/P 

System 

1,  JFK-DFW 

2 

6 

1200 

8W 

3.42 

0.99 

2.  DFW-JFK 

1 

3 

1200 

NE 

3.03 

0.61 

3.  D7W-LAX 

5 

16 

10V0 

W 

3.19 

0.47 

4.  SFO-ORD 

8 

24 

1900 

E 

3.97 

1.07 

6.  JFK-8JU 

5 

IS 

1390 

SE 

3.99 

1.10 

6.  SJU-JFK 

5 

16 

1390 

NE 

3.74 

0.77 

7.  JFK-LAX 

5 

19 

2140 

SW 

9.49 

0.89 

8,  8FO-JFK 

4 

12 

2  240 

E 

939 

0.98 

9.  LAX-ORD 

4 

12 

1910 

NE 

3.98 

0.88 

10.  DFW-SFO 

4 

12 

1270 

W 

3.68 

0.96 

11.  LAX-JFK 

S 

19 

2140 

NE 

9.39 

0.79 

12.  ORD-LAX 

0 

18 

1910 

8W 

4.20 

0.83 

13.  JFK-ORD 

1 

3 

940 

NE 

3.00 

0.48 

Total 

99 

189 

_ _ 

4.16 

(average) 

JFK  =  Ktnnody  (New  York  City)  8FO  =  8an  Francisco 
OFW  -  Dallas/Fort  Worth  ORD  ■>  0’Haie  (Chicago) 


LAX  =  Lot  Angeles  8JU  3  8«n  Juan 


The  method  used  for  computing  the  95%  Radial  Position  Error  rate  involves  ordering  the  data  by  error  magnitude, 
then  establishing  the  error  limit  which  includes  95%  of  the  data  samples. 

The  cross-track  and  a  long-track  error  rates  were  obtained  by  resolving  the  terminal  position  error  into 
along-approach  heading  and  cross-approach  heading  components,  based  on  an  assumed  great  circle  flight  path 
between  departure  and  destination  airports,  then  dividing  the  result  by  block  time  for  each  flight.  The 
method  to  establish  the  95%  limits  is  the  same  as  that  used  for  radial  error  rate. 

As  a  result  of  the  data  presented  in  the  above  summary,  the  applicable  FAA  requirements  are  satisfied.  The 
radipl  position  error  rate,  1.65  tw/hr,  Is  significantly  less  than  the  FAA  requirement  (FAR  121,  Appendix 
6)  of  2  nm/hr. 

North  Atlantic  Navigation  Performance  Analysis 

Analyses  were  performed  on  the  data  obtained  in  the  American  Airlines  747  flight  test  program  to  show  that 
the  IRS  performance  meets  the  specification  parameters  in  AC120-33  as  well  as  meeting  the  requirements  of 
FAR  121  Appendix  G,  the  basic  FAA  requirement  for  long  range  navigation  using  inertial  systems.  AC  120-33, 
North  Atlantic  Minimum  Navigation  Performacne  Specification,  is  an  FAA  requirement  for  navigation  systems 
used  in  the  North  Atlantic  track  system. 

The  cross  track  errors  were  computed  for  each  data  flight  and  successively  added  and  plotted  against  the 
criteria  in  AC12C-33.  It  is  shown  in  Figure  40  that  approximately  30  independent  observations  were  required 
before  reaching  the  "pass”  region  In  the  AC120-33  test  requirements.  For  the  remainder  of  the  data  flights, 
the  cross  track  errors  remained  in  the  “pass"  region.  It  Is  concluded  the  Honeywell  IRS  has  shown  acceptable 
performance  for  operation  in  the  North  Atlantic  track  system. 


Flgura  40  North  Atlantic  UNFS  Analysis  Ramils  Using  Long  Ranga  Nav  data 


High  Latitude  Flight  Test 

In  addition  to  the  flight  tests  described  a  special  flight  was  made  to  Oeadhorse,  Alasks  to  demonstrate 
high  latitude  alignment  performance  for  certification.  This  test  demonstrated  a  successful  alignment  at 
N70.2®  latitude  and  ttw  subsequent  flight  to  Minneapolis  indicated  no  significant  effect  on  navigation 
performance,  being  less  than  1  an/hr  after  the  &  hr.  flight. 


RELIABILITY  ASSURANCE  PROGRAM 
General 


Reliability  of  the  laser  strapdown  inertial  system  for  commercial  airplane  application  was  a  key  certification 
issua.  To  reduce  this  risk,  a  series  of  test  programs  were  Instituted  by  Boeing  and  Honeywell  to  augment 
the  experience  gained  In  the  laboratory  and  flight  test  fleet.  The  Boeing  required  tests  were  a  1000  hr. 
design  stress  test  and  reliability  demonstration  tests.  In  addition,  Honeywell  established  their  own 
in-house  reliability  development  testing  which  augmented  the  Boeing  test  requirement. 

Design  Stress  Test 

The  1000  hour  (minimum)  design  stress  test,  in  accordance  with  Boeing  specified  procedures,  was  performed 
to  uncover  any  reliability  weaknesses  and  to  accelerate  maturity  of  the  design.  This  test  operates  the 
equipment  under  electrical  and  thermal  cycling,  and  vibration  environments  which  approacn  but  do  not  exceed 
the  design  margin  levels.  The  Intent  is  to  exercise  the  system  under  extreme  environmental  conditions,  but 
within  its  design  stress  limits.  The  test  environment  is  much  more  severe  than  the  normal  airplane  environment 
in  order  to  accelerate  design  maturity.  The  test  was  performed  on  a  single  red  label  unit  over  an  approximate 
three  month  period. 

Reliability  Demonstration 

The  objective  of  the  Reliability  Demonstration  Test  was  to  obtain  a  numerical  assessment  of  the  MTBF  at  the 
time  of  certification  with  respect  te  the  certification  requirements  on  IRS  attitude/heading  reference 
outputs.  The  following  summarises  Individual  test  conditions: 

a.  Temperature  Cycling/Enviroitfwnt  -  0m>  cycle  per  day,  of  which  20  hours  is  conducted  at  a  chamber 
temperature  which  simulates  "Normal  Flight  Operation"  and  four  hours  at  a  temperature  which 
simulates  "Low  Operating  Temperature"  per  Boeing  Specification. 

b.  Powercycling  -  Power  is  cycled  on  during  "Normal  Flight  Operation"  and  cycled  off  at  “Low  Operating 
Temperature" . 

c.  Once  every  two  weeks ,  an  acceptance  test  is  performed  on  each  IRU  and  IRMP. 

The  first  test  hardware  consisted  of  three  IRU‘s  with  the  initial  flight  test  Red  Label  configuration.  An 
additional  six  units,  with  the  certification  configuration  were  later  included.  The  total  accumulated  test 
time  was  2700  hours  on  the  original,  test  units  and  10,000  hours  oft  the  six  certification  units.  The  6 
certification  units  exhibited  only  3  relevant  failures  over  the  test  period. 

This  reliability  demonstration  test  was  designed  to  simulate  the  normal  airplane  environment  and  the  failure 
experience  is  very  similar  to  that  experienced  on  the  flight  test  fleet.  (3300  hrs.  vs.  4250  hrs.  MTBF)  of 
the  certification  configuration. 

Reliability  Development  Testing 

There  teats  were  established  by  the  supplier  to  accelerete  any  reliability  weaknesses  in  the  system  and 
were  similar  to  the  Boeing  1000  hr  design  stress  test,  but  was  extended  to  10,000  hours  to  Insure  that  a 

problsm  did  not  exist  that  took  longer  to  occur  that  would  effect  warranty  claims  ovar  tha  long  term. 

Eighteen  (10)  system  were  used  for  these  tests  which  consisted  primarily  of  wide  thermal  cycles  (+65C  to 

-40°C)  high  temperature  operation,  random  vibration  and  power  cycles  at  the  extreme  temperature  conditions. 

The  results  of  these  tests  provided  excellent  correlation  with  early  failuras  In  tha  flight  test  program 
and  led  to  the  determination  of  the  cause  and  design  corrections.  In  Addition,  severel  previously 
unidentified  failure  codas  in  the  field  were  exposed  and  corrected  before  production  units  were  delivered. 

(««f.  6) 

Production  Burn-In  Tests 

A  production  burn  test  is  required  on  every  unit  by  Booing  and  the  current  test  is  168  hours  long,  which 
requires  several  thermal  cycles  betwen  +65°C  and  *40*0  with  power  cycling  at  these  extremes.  Operational 
vibration  levels  are  also  run  several  times  during  this  test  sequence.  In  addition,  sensor  burn-in  tests 
are  utiliied  for  screening  prior  to  installation  in  the  I8U.  These  teats  include  240  hours  of  thermal 
cycling  for  each  gyro  and  24  to  72  hours,  demanding  cn  vendor,  for  accelerometers.  (Ref.  6) 

Boeing  Flight  Test  Reliability  Experience 

Experience  fro*  the  757/76?  flight  test  program  was  provided  by  9  test  aircraft  and  91  different  IRUs.  A 
series  of  failures  occurred  in  the  first  several  months  of  tha  767  flight  test  program  due  to  improper  BITE 
design  and  thresholds,  and  one  major  hardware  deficiency.  After  these  problems  were  identified  and  corrected, 
tha  system  provided  excellent  reliability  and  performance.  A  summery  of  ths  reliability  performance  is 
given  in  Table  23,  Tha  significance  of  the  early  problems  H  to  bo  noted  with  c  3  to  1  iaprovsmeni  of  MTBF 
after  corrective  action  was  taken. 

757/787  IRS  In-Service  Reliability  Experience 

As  of  December,  1983  a  total  of  16  airlines  were  flying  99  /S>7  and  767  kirp'enes  in  revenue  service.  A 
total  of  516,000  IRU  flight  hour*  and  772,600  unit  operating  hours  had  been  iCv.unuleted  with  an  overall 
MTBF  average  of  8200  flight  hours  and  12,000  op -hrs  feeing  experienced  with  174  removals.  This  excellent 
performance  compares  to  a  mature  (15  years)  inertial  technology  of  glmballed  systems  with  about 
2500-3000  hrs  MTBF,  in  commercial  service.  The  three  month  running  averages  in  December,  1903  were  9600 
flight  hour*,  and  14,000  op  hours,  MTBF.  The  MTBF  3-month  running  average  history  is  shown  In  Figure  41. 


4-46 


Table  23.  IRS  Reliability  Experience  During  Flight  Test  of  757/767 


Before  Corrective  Action 

Total  removal* 

44 

Inflight  failure* 

4 

Unit  operation  hour* 

bO  000 

Unit  (light  hour* 

4300 

MTBF  operation  hours 

1  360 

MTBF  flight  hour* 

1  iso 

|  After  Cofrotve  Actions 

Total  removal* 

8 

Imfdght  failure* 

1 

Unit  operation  hour* 

34  000 

Unit  flight  hour* 

3400 

MTBF  operation  hour* 

4  290 

MTBF  flight  hour* 

3  400(1  tenure) 

1*3  IBM 


Figure  41.  IRU  Airline  Fleet  MTBF — 3  Month  Moving  Average 


Th*  distribution  of  th*  $3  confined  folium  fro*  th*  reaovals  during  this  period  are  the  following: 

electronics  *  34 
accel  -  5 
gyro  -  24 


astiaate  of  gyro  reliability 
aucel  reliability 


100,000  op-hrs 
425,000  op-hrs 


Navigation  performance  data  has  not  been  available  except  through  failure  reports  of  unacceotabie  NAV 
perfomance.  L1*1ted  data  has  been  taken  on  one  airline  for  a  month  In  the  sueewr  of  m3  and  showed 

ferfomanc*  s1*11ar  to  that  exhibited  during  flight  tost  with  the  velocity  data  being  significantly  better, 
he  latter  was  expected  because  airline  flight  profiles  do  not  have  heading  cheats  to  upu*>u  the  Schuler 
as  occured  In  Boalng  flight  test. 


This  In-service  experience  Is  five  t1*es  better  than  th*  vendor  or  Boeing  ever  expected,  for  the  first  year 
of  use,  and  certainly  demonstrates  th*  “payoff*  predicted  for  strapdown  Inertial  and  digital  technology. 
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CONCLUSIONS 

The  recent  successful  Introduction  of  the  laser  gyro  strapdown  inertial  system  into  commercial  airplane 
service  with  the  Boeing  757  and  767  airplanes  has  proven  that  this  technology  is  a  very  viable  product. 

The  reliability  demonstrated  has  been  five  times  the  predicted  value  at  this  point  in  service  and  is  three 
times  better  than  the  mature  gimbal  Inertial  technology.  This  has  been  achieved  without  any  sacrifice  in 
performance  which  has  been  more  than  adequate  for  commercial  operations.  For  the  first  time  ever,  a  system 
Is  now  available  to  completely  determine  the  airplane  state  and  at  a  very  reasonable  cost.  It  Is  believed 
that  this  complete  Inertial  data  system  has  contributed  significantly  to  the  success  of  the  757/767  airplane 
operation  and  systems  acceptance.  Inertial  technology  is  no  longer  economical  only  on  long  range  airplanes, 
but  Is  not.'  available  at  a  cost  acceptable  for  short  to  medium  range  aircraft,  especially  those  that  take 
advantage  of  the  inertial  data  available  to  enhance  the  airplane's  operational  capacity.  A  summary  of  the 
primary  achievements  of  the  Boeing/Honeywell  laser  gyro  strapdown  application  is  given  in  Table  24. 


Table  24.  Honeywell  Laser  Qyro  IRS/ Boeing  737/7571767  Industry  “ Firsts " 


•  Tint”  application  of  Inertial  system  technology  to  ahort  to  medium 
range  airplanee  ae  baalc  equipment  for  attitude  and  heading -navigation 
conaldertd  to  be  a  aecondary  function 

•  Ttraf  application  of  production  taaer  gyro  bused  strapdown  inertial  system 

e  Tint"  application  of  all  digital  martial  ayaiam  to  commercial  eirpianee 

•  “FI rat"  application  of  a  strapdown  Inertial  system  to  meet  all 
vehicle  Inertial  data  requirement*  for  navigation,  guidance,  and 
control  —  eliminated  alt  body  mounted  rate  gyroe  and  accelerometers 

•  Tint"  commercial  airplane  to  use  “*ynths*iz,<r  magnetic 
heading  m  primary  airplane  heading 

•  “First"  commercial  airplane  to  use  inertial  vertical  velocity  tor 
primary  vertical  ipeed  indication 


REFERENCES 

1)  06-47029,  Boeing  Document,  "AGCS  Strapdown  Sensor  Working  Specification",  J.  Gilbert/N.  Hclntyre/G. 
Olbrechts/U.  C.  Shaw 

2)  J.  C.  H.  Shaw,  "Benefits  of  Strapdown  Over  Gimbal  Inertial  Systems  for  Aircraft  Application",  Boeing 
Comawrcial  Airplane  Company,  Naecon  Conference,  May,  1976,  Oayton,  Ohio,  USA. 

3)  P.  J.  Fenner  and  C.  R.  HcClary,  "The  757/767  Inertial  Reference  System  (IRS)",  Fourteenth  Joint  Service 
Data  Exchange  for  Inertial  Systems,  16-20  Nov.  1980,  Clearwater,  Florida,  USA. 

4)  P.  J.  Fenner,  “Application  of  Laser  Inertial  Technology  to  Commercial  Airplanes",  AIAA/IEEE  Digital 
Electronics  Conference,  Nov.  1983,  Seattle,  Washington,  USA. 

5)  T.  H.  Friddell,  "Software  Verification  -  A  Case  Study  of  The  757/767  Inertial  Reference  System", 
AIAA/IEEE  Digital  Electronics  Conference,  Noveaber,  1983,  Seattle,  Washington,  USA. 

6)  R.  R.  Shuquist,  “The  ARINC  704  Ring  Laser  Gyro  Inertial  Reference  System".  National  Technical  Meeting 
of  the  Institute  of  Navigation  (ION),  January  17-19,  1984,  San  Diego,  California. 
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0  -  RESUME 

Depuis  1974,  SFIM  a  lancS  des  Studes  sur  lea  systSmes  inertiels  liSs  a  base  de  gyros  secs  ;  apr&s  les 
premiSres  etudes  de  faisabilitfi  (74)  -  Voir  AGARD  LS  n°  95  -  SFIM  dfiveloppe  depuis  1979  des  matfiriels  pour 
un  grand  nombre  d' applications  parmi  lesquelles  les  applications  missile  tactique  sont  les  plus  importantes. 

Tous  les  dSveloppements  actuels  sont  basds  sur  quelques  concepts  -  gyros  balourdSs  -  numdrisation 
complBte  de  I'Slectronique  -  qui  conduisent  A  une  faaille  de  systBmes  -  SIL  1  -  ou  les  contraintes  de  volume 
et  de  coOt  sont  les  plus  importantes.  L'exposS  qui  suit  ddcrit  ces  concepts  de  base,  quelques  examples 
d' utilisation  et  les  rdsultats  d'essai  obtenus  par  SFIM  et  surtout  par  le  LRBA  sur  quelques  materials 
maquettes  et  prototypes. 

PREMIERE  P ARTIE  :  SFIM 


1  -  HISTORIQUE 

Depuis  1972,  SFIM  fabrique  des  gyroscopes  aceordfia  miniatures  -  GAM  -  pour  des  applications  diverses  - 
gyroraStres  ;  stabilisation  optique.  En  1974,  SFIM  a  8t6  retenue  par  les  services  officiels  franqais  (STET) 
pour  les  premieres  6tudes  de  faisabilitd  sur  les  syst&mes  inertiels  lids  j  l'dtude  portait  sur  l'appllcation 
missile  tactique,  au  moment  oil  peu  de  missiliers  n' imaginaiont  encore  le  besoin. 

Cette  dtude  de  faiaabllitd,  suivi  d'autres  concernant  les  applications  hfilicoptJres,  torpille,  s'est 
conclue  avec  livraison  aux  centres  d'essai  officiels,  de  plusieurs  materials  j  SFIM  prdaentait  en  1978,  une 
confdience  dana  le  cadre  AGARD  (LS  95),  oil  on  ddcrivait  un  matdriel  prototype  -  SIL  3  -  qui  a  depuis  6t6 
testC  ptr  le  Centre  d'Essaie  en  Vol  (CEV)  de  Bvfitigny,  et  le  LRBA,  avec  dea  rdsultats  trSs  encourageanta  : 

-  stabilltd  j  0,5*^*  1<T  sur  une  game  de  100* /eec  et  sur  1  an, 

-  CEP  <  100  mfctres  sur  un  vol  de  2  minutes. 

A  partlr  de  1979,  le  ddveloppament  de  matdrlels  prototypes  associfs  4  des  programmes  a  dCbutd,  pour  dea 
application!  diverses,  avec  une  forte  detaande  sur  les  missiles  tactlques  i  air-air  -  mer-mer  -  air-sol  - 
sol-air,  at  autres.  SFIM  a'eat  alora  attachd  &  ddvelopper  une  faaille  cohdrente  de  rdfdrencea  inertiellea 
lides  de  2  types  j 

*  SIL  2  t  4  base  de  2  gyromdtres 
2  axes  GAM  et  3  accdldromttres 

*  SIL  I  t  4  base  de  3  gyromitres 
GAM  bslourdde 

Ces  rdfdrences  inettiolles  llfies,  peuvent  Stre  onsulte  intdgrdes,  come  module,  dans  des  systdmes  iner- 
tiels  plus  couplets  (applications  hfillcoptire  et  torpille  par  exeapie) . 

La  iamille  SIL  1,  utliiade  sur  la  presque  totalled  des  matdriels  en  dCveloppement  ou  on  Stude,  est 
l'objet  de  cet  oxposfi. 

2  -  BES01NS  MISSILES  TACTIQUES 

Let  applications  sur  missiles  tactlques  ont  mis  an  fivideucc  des  besoitis  particulars  i 
-  Rdfdrence  Intrtlelle  mulcirSle 

Les  objectifs  de  volume  et  de  coQt  au  niveau  missile  out  conduit  les  missiliers  4  ddflnir  la  rdfdrenca 
iaertielle  pour  rdaliser  aouvent  3  fonctious  diffdrentea  : 

-  guidago  inortlel 

La  rSflrenee  inertielle  dolt  fournlr  su  calcultteur  missile  des  informations  de  emplacement  angulaire 
et  lindairu  precises  pour  assuror  un  bon  prdguidage  inertiel  avunt  sccrochage  autodirecteur. 

-  Pjlutage 

Les  captuurs  lids  da  la  R.l.  sont  utilises  en  gyroaBtres  et  sccdldroodtres  de  pilotags  (onsoable 
gyroaccdldroadtrique  3  axes). 

-  Stabilisation 

Da  plus  an  plus,  lea  informationa  FT  sont  utilisdes  pour  la  stabilisation  autodirecteur  (adesnique 
ou  Clactroniqua) . 

L«  presiar  besoin  demands  de  la  prdcis  nn  noyonno,  alort  que  tea  deux  autres  font  appel  4  une  bonne 
quttllta  ,ia.  de  trims  fart  ct  de  niveau  de  bruit.  II  s'aelt  classiquement  ds  performances  difflciles 
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On  peut  citer  les  valeurs  suivantes,  recouvrant  1' ensemble  des  applications  missiles  tactiques. 

-  1  a  1007h  (1  r  ) 

-  i.io*  a  i.io-2g  (i  <r  ) 

-  1.10-4  a  1.10-3  err.  fact.  ech.  (1  <T) 

-  bande  passante  ^  100  Hz 

-  bruit  •<  0, 1Z  gamme 

Les  concepts  mis  en  place  a  la  SFIM  rSpondent  a  ces  besoins  particuliers  : 

-  Dynamique  SlevAe 

La  dynamique  du  missile  augmente  en  fonction  de  la  diminution  des  inerties,  de  l'efficacitd  des  gou- 
vernes  et  du  pilotage,  en  fonction  surtout  des  capacitds  opfirationnelles  dfiairSes . 

On  cite  couramment,  comma  valeurs  maximales  possibles  : 

.  50.0007s2 
.  20007s 

.  100  g 

Cette  demands  de  "haute  dynamique"  se  coniine  bien  entendu  difficilement  avec  le  besoin  de  performances 
en  guidage. 

-  Volume  et  coQt 

II  s'agit  d'un  objectif  prioritaire.  La  diminution  du  volume  et  du  codt  missile  entraine  une  contrainte 
fiquivalente  au  niveau  rfiffirence  inertielle  ;  encore  faut-il  dvaluer  le  codt  RI  dans  son  aspect  multifonction 
(a  comparer  avec  le  codt  d'une  solution  classique  capteurs  de  guidage  +  capteurs  de  pilotage  +  capteurs  pour 
la  stabilisation  auto-directeur) . 

La  solution  SFIM  SIL  1  cst  rfisolument  orientfe  vers  ces  objectifs  de  volume  et  de  codt,  on  peut  citer  : 

-  volume  1,5  litres 

-  prix  150  KF  (1982  HT) 

3  -  CONCEPTS  PARTICULIERS 

Tous  lea  systSmea  inertiels  lifis  SFIM  aont  baafis  sur  la  famille  de  gyroscopes  GAM  1G  ;  les  caractfiria- 
tiques  gfinfiralea  en  aont  les  suivantes  i 

-  encombrement  typique  :  0  31  x  35  tan 

-  cardan  a  lames  croisAea 

-  moteur  d'entralneoent  aynchrone, 

-  moteur  couple  A  aimant  samarium  cobalt  (mono/bicouronno  auivant  les  applications). 

Voir  figure  1. 

Ce  gyrotocope  eat  utilise  en  gyromAtre  aasociC  A  une  boucle  d'asaerviaaement,  et  une  commande  ternaire 
modulAe  en  largeur,  qui  eat  apparue  le  mailleur  compromia  aimplicltfi-performancea  (etatlque  et  dynamique). 

Ce  gyromAtre  eat  utiliafie  avec  des  accfilfiromAtres  Qflex  dans  le  syattme  SIL  2. 

Dana  lea  aystAmea  type  SIL  l,  il  eat  intAgrA  dans  une  structure  faisant  appela  A  quelquoa  concepts 
particuliers  dAveloppAs  A  le  SFIM  depuLa  plusieura  ann tea. 

3.1.  GyromAtre  balourdA 

Lea  premidrea  fitudea  sur  le  gyro  balourdA  et  sea  applications  ont  debutfi  A  la  SPIM  en  1977. 

Si  le  centre  de  gravitfi  du  volant  -  G  -  n'eat  plus  confondu  avec  le  centre  de  suspensions  -  S  - 
(balourdage),  le  gyro  dovlent  aonalblo  A  des  accAlArations  lioriaoutales  (voir  figure  2). 

Un  modftle  siaplififi  du  fonctionnemeut  eat  t 

Mx«t*7y-B.  y  y 
My  "  -  *0  x  ♦  B.  t  * 

.  lux,  to  y  i  viteaae  angulalre  boitier  (deg/acc) 

.  F  x,  K  y  t  aco.AlAration  linlalre  boitier  (g) 

.  Hx  ,  Hy  t  couplet  appllquAa  par  lea  moteura  (deg/aec)  ;  oeaurea  uffectufea  par  le  captcur 
.  B  i  balourd,  proportiormel  A  la  maaae  du  volant  et  A  la  distance  GS  (deg/aac/g). 

Un  modAle  plus  complet  fait  apparallre  l'exprcsalon  das  couplet  en  fonction  dee  oeaurea 
(factours  d'Achclle  directs  et  crolsAa  K),  l'arrour  do  poaitionnement  noyenne  du  spin  yx,  ^y, 
dSrivea  Dx,  Dy,  lea  termes  de  non  llnAarltCa,  lea  autrea  tormea  du  modAle  en  accAlAratlon,  le 
d'aniaoiuertie,  et  lee  tercaea  dynaoiquea  (inertie,  oscillations  mo  tour,  dCbattement, . . .)  nuls 
Ui  T  .matante  5  x,  3  y,  avec  un  rfiaidu  Rx,  Ry. 

Kxx  .  ♦  Kxy  .  Sy  ♦  NL  (Sx,  Sy)  ♦  Dx  ♦  Bx.  Y  y  ♦  P  .  Yx 

'  +  *fx  .  W  *  ♦  Cai  .  Oj  y  .  cut  ♦  5  x  ♦  Rx 

Kyx  .  Sx  ♦  Kyy  .  Sy  ♦  NL  (Sx,  Sy)  -  Dx  -  By.  X  x  ♦  P  .  Y  y 
■  -dJx  ♦  *jy  ,tO  t  -  Cal  .UJx  ,UJt  *  3  y  ♦  Ry 

Le  gyromitre  oeaure  done  une  conbinaiton  de  vitcasas  angulairea  et  d'accCldrationa  ;  avec  deux 
oeaurea  par  gyro,  il  aufflra  da  3  gyrooAtrea  pour  obtenir  6  meeuraa,  d'oQ  on  tireta  lea  6  information! 
utiles  I  10  XK,  (OtH,  CO  ZH  et  X  xH,  )f  yH,  Y  tM  (axes  miasile).  Pour  celA,  il  faut  faire  un  cholx  conve- 
nable  pour  lea  balourda  et  le  poeitionnement  dca  axe*  capteurs  ;  ce  cholx  ddpand  de  I* application,  11 
apparait  cependant  qua  1«  meilleure  alparatlon  tfi ,  Y  e'obtient  en  poeitionnant  lea  3  (pins  gyroa 
auivant  uu  triSdre,  at  en  maximieent  lea  Acarts  de  belourds  |  B2  -  BJ  |  ,  |  B3  -  31  j  ,  |  Bt  -  B2  |  ,  ce  qui 
conduit  A  1' organisation  typique  aulvante  : 


Sx,  Sy 
lea 
terms 
A  viteaae 


r 
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-  gyro  1  non  balourdS,  spin  suivant  Xm, 

-  gyro  2  balourdS  >  0,  spin  suivant  Ym, 

-  gyro  3  balourdS  <  0,  spin  suivant  Zm. 

avec  (  B2  |  -  |  B3  1 

Voir  figure  3. 

On  trouve  (aeme  notation  que  prScSdewaent)  s 

Mx2  -  60  z 
Myl  ■  -  CO y 

Mx2  -  U)x  -  B.  X  x 
My2  •  -  (V  j  +  B,  jf  2 

Mx3  -0J  y  +  B.  V  y 
My3  -  -  (x)  x  -  B .  y  x 

Ce  qui  donne  : 

U)  x  -  \  (Mx2  -  My 3) 

U)  y  -  -  Myl 
UJ  z  “  Mxl 

y  x  -  -  -4j  (Mx2  +  My3) 

)Cy  -  (Mx3  +  Myl)  /  B 
y  z  -  (My2  +  Mxl )  /  B 

On  peut  faire  un  certain  notabre  de  remarques  : 

-  II  n'y  a  qu'un  seul  type  de  capteur  j  le  balourdage  d'un  gyro  correspond  a  un  rSglage  possible  de 
lv6crou  de  balourd  ;  l'obtention  d'un  balourd  inverse  s'obtient  en  faisant  tourner  le  gyro  en  sens 
inverse  > 

-  La  capacity  de  mesure  accSISromStrique  n'est  pas  linitSe  par  elle  aeme  ;  on  choisit  la  valeur  de 
balourd  utilis'd  ~B  en  fonction  des  trajectoirea  de  vol  ;  valeur  typique  de  l*/s/g  a  10*/s/g. 

-  La  mature  accSISromStrique  bSnlflcie  des  performances  gyro  s 

par  exemple,  biais  accSISro  -  D/B 
ou  D  est  la  dSrive  gyro. 

(5*/h  (1  <T  )  et  5'/a/g  —a  3.I0’4  g  (l  <T  )) 

-  la  solution  i  gyro  balourdS  entrain*  un  effet  aecondaire  t 

senslbilitS  dee  atiurea  accSlSrowStrlquea  an  fonction  dea  vitasaes  angulairas.  I  travers  lea  erreurs 
de  facteur  d'ficheile  easentielleoent.  '  ' 

Un  taodSle  d'erreur  simplifiS  du  SIL  1  a  la  forme  aatricielle  suivante  t 


oil.  $U)  eat  I'erreur  de  mesure  de  (&> 

“  pSlO  x,  y,  $oj 
*  West  lr*lrr#ur  da  mesure  d#  jf 

.  D  »  [  Ox,  Dy,  Dt  J  '  dSrives  systBaw 
.  b  -  [bx,  by,  be  "j  '  biais  systBme. 

Lee  coefficients  Sij  tout  des  termct  de  sensibilitSs  ton  fait  apparaftre  dot  tenses  croists 

■  s,  OJ 

oil  S  contlont  des  termus  de  le  fortae 

S  -  £k/8 

oQ  k  oat  I'erreur  do  facteur  d'fichello  gyro,  B  la  balourd. 

L'effet  de  cc  terete  do  couplage  doit  Stre  exeminS  en  fonction  de  l'epplication  ;  dans  le  cas  des 
missiles  tsctiques,  1' acceleration  aesurSe  (facteur  de  charge)  est  largeaent  orthogonale  3  Is  viteeso 
angulalro,  ce  qui  tend  I  annuler  l'effet  de  couplage- 

bans  le  ca«  do  l'appllcatlon  miseile,  il  reete  1'accSlfiratiou  initiale  eouvent  aeeociSc  i  un  <sou- 
vemcnt  en  roulie  (alesilo  non  pilots)  i 

Valeur*  typique*  :  -  360*  en  rouli* 

-  fck  s  5.10-4 
*•  B  -  5.  deg/eec/g 

— 1>  erreur  de  vltessc  de  0,4  a/sec  en  fin  de  phase  initial*,  due  3  l'effet  de  couplage. 

Voir  figure  4. 

Une  analyse  fine  de  cet  effet  de  couolags  eat  fsite  pour  cheque  application,  aur  un  enseoible  de 
trajectoirea  type  (analyte  svec  matrlce  de  covariance)  ;  il  apparent  que  dsn*  la  plupart  des  css,  ce 
terete  ne  grflve  pas  nsttement  le  budget  d'erreur. 

La  figure  5  prSaente  le*  performances  cooparSes  de  systdme*  SIL  I  et  SIL  2  typique*  sur  uns  trajec- 
toire  typique  d'une  application  missile  tactique  court*  portBe  ;  let  apdcif Icatioo*  dee  coaposents  eont 
aeafclablea. 
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SIL  l 

SIL  2 

Derive 

18“/h  (1  <T  ) 

18°/h  (1  f  ) 

Balourd 

5Vs/g 

/ 

Sb 

9'/h/g  (1<T  ) 

9*/h/g  (1<T) 

$Kg 

1.10-3  (i  <r ) 

i.10-3  (If) 

SKa 

/ 

1.10-3  (if) 

Sba 

/ 

1.10-3^,  (If) 

3.2.  Numfirisation  da  1' Sleet ronique 

Les  systSmes  inertiels  lids  n'ont  pu  etre  dSveloppfis  qu'avec  l'apparition  des  microcalculateurs, 
une  partie  importante  des  fonctions  spficifiques  d'una  plateforme  B  cardans  (stabilisation)  St ant  faite 
par  logiciel. 

Compte  tenu  de  1' evolution  techno  gique  rapide  de  la  microinformatique,  SFIM  a  orientS  dSs  1977 
ses  Studes  dans  deux  directions  complfimentaires  s 

-  effectuer  le  plus  grand  nombre  de  tBches  systSme  par  logiciel, 

-  numSrisation  la  plus  complBte  de  l'Slectronique,  utilisant  la  technologie  actuelle. 

Ce  sont  des  moyens  pour  atteindre  B  terme  les  objectifs  principaux  : 

-  diminution  du  volume  et  du  prix, 

-  souplesse  de  conception  et  devolution  du  matfiriel, 

-  augmentation  dua  performances . 

On  examine  success ivement  les  aspects  logiciel  et  material. 

3.2.1.  Logiciel 

L'option  logiciel  choiaie  par  SFIM  va  au  dels  de  co  qui  est  couranment  pratiqufi  : 

-  tous  les  signaux  sont  numfirisfis  le  plus  pr6s  possible  des  capteura  :  angles  d'Scart,  sondes  de 
temperatures,  comeundes  motours-couple, . . . . 

-  Un  seul  microproceaseur  16  bits  se  charge  de  toutea  les  fonctions  syst&me,  pour  los  3  gyros 
(multipl exage)  t 

.  acquisition  des  informations  (analogiques,  discrets. . . .), 

.  bouclage  (3  gyros), 

.  sorties  internes  ou  syscSme  (comuandee  motoure-couple ,  discrots....), 

.  traitement  dynaaique  (voir  I  3.3.2.), 

.  separation  dee  informations  CO  i  X 
.  sortie  sur  bus  numfiriqua  externe, 

.  compensations 
.  auto tests, 

.  sdqueucetacnt . 

Comma  on  le  voit,  la  fonctiou  bouclage  est  lei  rdalislSe  par  logiciel. 

Les  angles  d*ficart  sont  codfis  (12  bits)  et  envoy!!*  au  microprocesssur  16  bits,  aprBs  un 
traitement  prfiUminaire  (mis*  3  i'Schcile,  ddealage,  rejection  de  bruit  -  voir  I  3.3.3).  On 
exfioute  per  logiciel  lea  fonctions  clatsiquea  -  action  proportlonnelle  et  integrate,  avance  de 
phase,  correctcur  spficifique  -  ce  qui  fournit  une  valeur  d«  pricsssion  sur  16  bits,  qui  est 
onsuico  quantiflfie  «n  8  ou  12  bits  (suivant  les  applications)  pour  la  transformation  numfiriquo  - 
modulation  offectufie  par  hardware  (codeur  N/A  spSciflqua)  j  voir  figure  6. 

Les  axes  gyros  sont  traitfi*  ensemble  (aultiplexage) . 

La  solution  logiciella  off re  un  grand  nombro  d'avantages,  sans  aucun  inconvenient  t 

-  elimination  du  material  correspondent  3  la  function  bouclage, 

“  grande  souplesse  de  conception  ot  devolution  du  matfiriel, 

-  realisation  de  fonctions  impossibles  2  fairs  au  niveau  materiel, 

-  le  microprocesseur  poss3de  par  principe,  toutes  lee  information.*  nficesselros  pour  la  mature,  et 
dee  traitements  sophlstiqufis  (voir  f  3.3.). 

Bien  entendu,  pour  rfialltcr  toutes  cos  fonctions  dans  I  seul  microprocesseur,  11  eat 
nficeasairc  d'ficriro  un  logiciel  avec  un  grand  snin,  dlrcctooent  an  asaeableur,  le  problSoe  prin¬ 
cipal  fitaut  de  miulmiser  l'uccupance  tana  nuire  3  la  modularity  du  logiciel. 

Implants  sur  un  microprocesseur  16  bits  puissant  (INTEL  6086/186/286  ou  MOTOROLA  68000), 
on  obtient,  aver,  une  organisation  aynchrone  du  logiciel,  3  nlveaux  d' interruptions  cycliques,  une 
occupauco  ds  80  3  90X;  une  repartition  typique  doe  tSches  est  prfisoutfic  dans  ce  document. 

3.2.2.  Matfiriel 

Les  contralntee  de  volume  nSccssluiit  ('utilisation  de  tochnologlee  filoctronlques  cr3s 
intfigtfies,  on  peut  clter  : 

-  hybridation  des  fonctions  snalogiques  (precision,  puissance),  et  de  quelquet  fonctions  numfiriquos, 

-  dfiveloppeaent  de  fonctions  numfiriquet  apficlflquu*  avec  cowposants  prfidlffusfis  ou  prficarsctfirisfis 
(blpolairee  au  CMOS), 

-  montage  "chip  carrier"  directeaent  sur  circuit, 

-  circuits  auiticouche  flex,  rigide  monobloc  (pour  fill  mi  nor  les  cowtecteurs) . 
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Le  gain  de  volume  total  de  l'filectronique  est  dans  un  rapport  5  £  10,  par  rapport  a  une 
filectronique  fiquivalente  en  compos ants  discrets. 

Le  gain  en  prix  est  sensible  (50Z)  aur  les  fonctions  numSriques  et  analogiques  bas  niveau  ; 
l'hybridation  des  fonctions  analogiques  de  puissance  ou  de  precision  reste  chSre. 

La  figure  7  montre  une  carte  flex.rigide  avec  des  fonctions  analogiques  et  puissance 
hybridfiea . 

3.3.  Performances  dynamiques 

Les  applications  missiles  tactiques,  en  particulier  les  petits  missiles  (air-air,  sol-air....) 
demandant  des  performances  dynamiques  spdcif iques ,  paroi  lesquelles  : 

-  tenue  en  acceleration  angulaire  filevfie 
(  >  50.000Vs2), 

-  sortie  vite&se  angulaire  3  haute  cadence  (  >  1  KHz),  retard  faible  (<  1  n  sec),  bande  passante 
filevfie  (>  150  Hz), 

-  niveau  de  bruit  faible 

(  0, 1Z  dtendue  de  mesure). 

Les  possibilitds  offertes  par  la  numfirisation  complete  des  signaux  et  la  micrcinformatique  per- 
mettent  de  rfisoudre  la  totalitfi  de  ces  problSmes,  sans  material  suppldmentaire,  et  souvent  sans  solution 
de  remplacement  matfirielle  convenable  pour  une  fonction  Squivalente. 

3.3.1.  Tenue  en  accfilfiration  angulaire 

Un  des  problfimes  3  prendre  en  comptu  pour  la  tenue  en  acceleration  angulaire  concerne  le 
moteur  d'entrainement  synchrone  (3  hystfirfisis  ou  &  aimants  permanents). 

II  est  connu  qu'un  taoteur  synchrone  s 

-  peut  ddcrocher  sous  forte  accfilfiration  angulaire  le  long  de  son  axe  de  rotation  (effet  d'inertie 
de  1' ensemble  tournant), 

-  oscilie  naturellemeuU  sous  l'effet  de  couples  parasites,  de  perturbations  dynamiques. 

Une  filectronique  de  commande  numfirique  de  champ  tournant,  gfirfie  par  mlcroprocesseur 
pur met  de  rfipondre  au  problfirae,  elle  realise  l'asservissement  de  phase  du  champ  tournant, 
ramenant  un  aroortissement  filectronique. 

On  utilise  une  information  de  position  toupie  (1  top  par  tour)  ;  cet  asservisaement,  fait 
par  iogiciel,  commande  le  champ  tournant  (3  travers  correcteur,  filtrage)  ~n  prenant  en  compte 
les  Informations  d* accfilfiration*  angulaires  mesurfies  par  let  aultre*  capteure  (voir  figure  8), 
d'od  une  av*nce  de  phase  physique  amfiliorant  largeaent  1c  tenue  en  accfilfiration  angulaire. 

Atsocifi  3  une  coaoande  discrete  de  surtension  (gfirfie  aussi  par  Iogiciel),  on  attaint 
lOO.OOO’/s2  avant  dficrochage,  pour  une  consoomation  statlque  autour  de  1U  ;  voir  oxemple  de 
rfiponae  dynamlque  figure  9. 

3.3.3.  Sands  past ants  filcvfie 

Le  mlcroproceeseur  16  bit*  effectue  par  Iogiciel  le  bouclage  de*  3  gyromStre*,  il  poaaSde 
done  pour  cheque  gyro,  le*  information*  utiles  pour  recon* tituer  1’entrfie  gyro  (vl tests  angulaire 
bottler)  i  cotamandes  soteur-couple,  angle*  d'ficsrt,  variables  internes. 

3PLH  a  mis  au  point  un  algorithms  d'observatlon  (iasu  de  la  thfiorie  das  obaervateur* ,  an 
automaeique  avanc Se),  qui  recotwtitue  l'ontrfie  c  »  ftUex,  to  eyj[  '  on  uva  avec  une  fouctlou 
da  tranafert  a  /  UJa  proch*  d'un  ratard  pur  t  voir  figure  10. 

11  apparaU  en  effat  que  le  vecteur  d'fitat  reprsientant  l'euaeuble  du  gyroscope  et  de  aa 
boucle  eat  meturable  (aolt  directomont,  aoit  par  observation  d'fitat). 

L'snsemble  bouclage  *  algorithm  d'observatlon  d'eacimatiou  eat  optlaiafi  -.ur  donnar  un 
slgoritlusa  implantable  eur  le  mlcroproceaaeur. 

On  montre  que  la  reconstitution  est  utllisable  pour  touto  frfiquence.  Hors  d'une  zone 
outouraut  la  frfiquence  de  nutation  (fn  i  10Z)  (  voir  figure  II. 

On  dficouple  ainai  coeq>Utement  i 

<•  la  fouetlon  de  tranafert  du  bouclage  proprement  dit,  qui  donne  la  limitation  en  dynamlque  et 
jou«  aur  lea  performances . 

-  La  fouctlou  da  tranafert  de  la  tortle  numfirique,  qui  eat  le  rfisultat  d'un  algorithm  d'obsor- 
vation  (trai tenant  numfirique  par  le  Iogiciel). 

Pratlqueuent,  il  est  possible  d'abaiteer  la  vitssae  de  rotation  de  la  toupie,  nfin  d'obtenir 
une  forte  capacltfi  da  prlcession  sens  pour  autant  limiter  le  boucle  paaeante  do  1' information 
numfirique  fournie. 

I l  est  fivident  qu'un  tel  concept  no  pout  fitre  mis  an  oeuvre  qu'avec  un  bouclage  gyro 
entiireaent  rfiallafi  par  Iogiciel. 

3.3.3.  Niveau  da  bruit 

L' algorithm  d'observatioa  a  l'lnconvfinient  d'augaentcr  le  niveau  do  bruit  ;  de  nosbreu*** 
precautions  sont  done  prises  au  uiveau  Iogiciel  et  aatfirlcl  pour  atteindre  I'objectif  de  0,IX  de 
l'ltendue  de  ttesure  t 

-  rfiaolutioc  12  bite  eur  l'eotrfie  (angles  d'ficart)  et  la  sortie  (coemanda  moteur  couple). 
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-  precautions  norf) reuses  sur  les  erreurs  de  quantification, 

-  rejection  des  bruits  No  +  harmoniques ,  caractSristiques  du  gyro  sec,  type  GAM  IG. 

Ce  dernier  point  utilise  : 

-  la  nature  dgtenainiste  du  signal  (mod£lisation  temporellc) , 

"  1' information  de  position  toupie,  dfijll  utilisSe  pour  l'asservissement  du  moteur  d'entralnement. 

II  apparait  que  le  bruit  r£siduel  sur  la  sortie  numSrique  U)  ,  cat  approximativement  une 
ddrivSe  de  bruit  blanc  numdrique  filtrfi,  de  la  forme. 


b'  ,  -  bb 

W  n  n 


bb  bruit  blanc. 


4  -  SYNTHESE 

Comae  anaoncd  dans  1' introduction,  la  totality  des  systdmes  inertiels  SFIM  sont  organises  autour  des 
2  types  da  references  inertielles  : 

-  SIL  2  :  2  gyrooStres  GAM  1  G  non  balourdls  et  3  acc§16rom6tres  Qflex. 

-  SIL  t  :  3  gyromStres  GAM  1  G  balourdds  en  mettant  en  oeuvre  les  concepts  ddcrits  prdcfdensnent . 

La  reference  inertielle  SIL  1  est  utilisSe  dans  80S  des  applications  en  etudes  ou  en  d6veloppement 
chez  SFIM. 

On  peut  dfcrire  trie  gfnfraletnenc  une  reference  inertielle  SIL  1  typique,  pour  missile  air-air,  en 
effectuant  une  syutlifese  des  etudes  et  d6veloppcment  en  cours  (confidentiels)  i 

-  classe  lO'/b  ;  l,IO-3g.  0  <T  ), 

-  500*/sec  (XV  j  ISO®/*  (Y,  Z>  j  40  g  XYZ  ;  SO.OOO’/s2  (X>, 

-  volume  -<  1,5  1,  • 

-  sorties  nualriques  sur  bus  MIL  1553  B  (cadence  >500  Us)  communes  pour  les  3  £o action*  t  guidage, 
pilotage,  stabilisation. 

Voir  fig.  12  1 ' ensemble  simplifiC  des  csractlriaiiques. 

Voir  figures  13  et  14  les  enconbreoents . 

Cette  reference  contient  : 

-  3  gyrotaSscres  GAM  I  G  (description  plus  haut),  sxmtls  sur  un  support  mlcanique, 

-  un  microproctsseur  eamopucs  80186  svec  8  K  FROM,  2  K  E EFRON  et  2  K  RAM, 

-  8  hybrides  (4  different*)  pour  lea  functions  snsloglquea  de  puissence  ou  de  precision, 

-  quelquos  prldlffusls  ou  pcScerectlrUls  pour  les  fonctions  nuaCriques  spfcifiques  (horloges)  et  quelques 
fonctlon*  standard,  «mtlo  an  "chip  carrier"  directomeat  sur  la  circuit, 

-  les  circuits  liaison  fi/s  type  MIL  1553  8, 

-  les  circuits  de  rlchsuffage, 

-  une  alimentation,  A  partlr  d'une  tension  21V  non  rlgulle, 

-  un  bottler  olcanique  contensnt  l'enseablc. 

Ls  figure  15  donne  le  poaltionnsmeut  dee  exes  gyros.  La  figure  16  donna  le  synoptique  de  princlpe, 
svec  les  diverges  informations. 

La  figure  17  precise  l'organisatioa  "tempt  tSel"  du  logiclel. 

Rensrquct  t 

-  on  visualise  sur  le  figure  I'asservteseaent  gyro  per  tsicroprocesseur,  einsi  que  la  cosoande  twaarique  des 
noteurs  d'entrsinaaeat, 

-  Is  coMsaniro  des  auteurs  couples  est  temalre  moduli*  en  largeur, 

-  le  posltlonneaent  A  45*  dos  axes  espteurs  permet  une  dyosaique  sgr audio  sur  l'sxe  de  roulis,  toujour* 
particular  s  u'  un  missile, 

-  In  rlpartitlox  des  tfictoee  logiclel  (svec  l'loHsntillormsge  des  angles  d'lcart  prlseutl)  est  optiaisle 
pour  le  bouclsge  gyro,  et  une  sortie  nualriqus  avec  faiblc  retard. 

Le  volume  de  cette  rlflrence  inertielle  type  est  dt  1,5  litras,  svec  Is  decomposition  auivsute  i 

.  espteurs  ♦  support  t  0,3  litrus 

.  Ilectronique  v  0,5  libras  - 

.  alimentation  i  0,5  litres 

.  nfcauiqus  :  0,2  litres 

5  -  CONCLUSION 

Le  rlftrence  Inertielle  SIL  1  prlsentle  sst  ls  coeur  de  ta  plupart  des  tyetiaea  insrtiels  tils  en 
Itude  ou  en  dlvcloppeaent  A  la  SFIM  $  de  1977  A  1983,  SFIM  s'est  attachfc  event  tout  A  la  diminution  ds* 
volumes  et  ds*  coQts,  11  apparatt  qua  dl*  A  prfsent,  le  rlelisetion  d'une  rlffrsnc*  inertielle  de  clssse 
!0*/h,  1.10*3g,  500*/s«c,  dsns  une  vsleur  de  1,5  litres  est  obtenue  sens  difficultl*  ;  cette  r6flrence 
inertielle,  complitcaeoc  numlrisle,  e  une  cepscitl  multifouctioo. 


■  imi  ■ 
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L' extension  3  des  systlmes  plus  complete  est  immediate  : 

-  systlme  de  guidage /pilotage  autonome  (attitude,  vitesse,  position)  :  pas  d' augmentation  de  volume 
(fonctions  logiciel) . 

-  systlme  de  navigation  hybride  pour  hdlicoptlre  (avec  doppler,  baro,  rdfgrence  magnetique)  :  systlme 
STIRS,  en  cours  de  dfiveloppement . 

-  systlme  de  guidage /pilotage  pour  torpille. 

La  SFIM  a  6t€  retenue  en  1981  pour  le  dSveloppement  de  tout  re  systSme  de  guidage/pilotage/gestion  de 
la  nouvelle  torpille  ddveloppde  en  FRANCE  :  systlme  CAFITOLE  ;  la  rdfdrence  inertielle  retenue  utilise  des 
gyros  balourdes  et  une  Siectronique  entilrement  numerique. 

La  figure  18  donne  les  principaux  matgriels ,  I  base  de  SIL,  en  cours  d'gtude  ou  de  dSveloppement  I  la 
SFIM,  on  mat  en  Svidence  la  dScroissance  de  volume  obtenuc  en  quelques  annSes. 

II  apparait  que  le  gyroscope  sec  type  GAM  est  une  voie  I  poursuivre  plus  que  jamais  ;  sa  sensibilitS 
aux  accelerations,  bien  utilisSe,  est  en  fait  un  avantage  evident. 

Cet  avantage  epparait  aussi  lorsqu'on  recherche  une  redondance,  le  gyro  balourdS  peroiettant  de  l'obte- 
nir  indiffSremment  pour  les  informations  gyromStriques  et  accSlSromltriques. 

Les  progrls  dans  cette  technologie  se  feront  par  une  diminution  de  l'inertie  des  parties  tournantes, 
ce  qui  entraine  une  diminution  des  puissances  consonaSes  j  un  gain  trls  important  sur  1' alimentation  et 
les  Slectroniques  de  puissance  est  alors  attendu,  ainsi  qu'une  numfirisation  encore  plus  pouasge, 

SFIM  dfiveloppe  de  nouveaux  capteurs  mettant  en  oeuvre  ces  quelques  idSes  gfinfirales  ;  affaire  I  suivre... 

SECONDE  F ARTIE  i  LRBA 


1  -  INTRODUCTION 

Dans  le  cadre  des  etudes  gfinfirales  de  guidage  des  missiles  futurs,  le  LRBA  ;  6tS  conduit  I  Gvalucr  la 
premilre  maquette  de  reference  inertielle  I  gyromltres  balourdSs  Gtudide  pour  (.e  pr6-guidage  inertial,  le 
pilotage  et  la  stabilisation  de  I’aute-diroctour  du  missile. 

Le  systlme  propose  roprfisonte  une  solution  nouvelle  au  probllme  pos6  en  ce  sens  qu'il  fonrnit  simulta- 
nSment  les  informations  nSeoasairos  au  guidage,  pilotage  et  stabilisation  et  qu'il  utiliso  pour  ce  faire 
une  rfitfirunco  I  composants  inerti.cls  lids  (R.l.)  dans  laquclle  la  fonction  accdldromltrlque  est  obtenuc 
par  balourdage  axial  de  la  toupie  de  2  ou  3  gyromltres  I  suspension  dynamlque  accordde  constituant  le 
bloc  capteur. 

Le  concept  du  gyromltre  devalt  normalcment  conauire  3  rS-examiner  les  diffdrentes  mdthodea  et  modlles 
utlllsds  pour  l'dvaluation  des  matdriels.  De  plus,  le  domain®  de  variation  des  entries  ayant  tendance  I 
s'dlargir  vers  lee  hautes  vitesses  et  accdldrations  angulaires  et  llnfiaires,  le  probllme  de  l'adaptatlon 
des  moyens  existants  s' est  posd  et  reste  en  partle  non  rdsolu. 

Ce  probllme  de  l'dvaluation  est  abordd  lei  sous  In  simple  aspect  de  caractdrlsation  statique  du  cap¬ 
teur  et  de  la  rdfdrence  inertielle,  c'est-3-dire  celui  de  la  wodSllsatlon  et  de  1' estimation  des  coefficients 
des  madlles  pour  des  entrdoa  en  vltesne  angulaire  et  acceleration  linSaire  constantos.  Da  plus,  cette 
caractdrlsation  s' applique  I  des  tsatdrieis  prlUminaircs  n'intdgrant  pas  1* ensemble  dr*  rdsultats  dss 
dtudea  passdes  et  en  cours.  Lvaccent  eat  mis  uaturellesent  sur  les  aspects  tie  VekpdriactttatlouTli*  'ou 
prlnclpe  tSu  gyro«atre  balourdl. 

2  -  MATER I ELS  EVALUES 

Les  essals  one  dtd  conduits  tout  d'abord  sur  un  gyromltre  balourdS  I  suspension  accordde  EFIM  GAN  IG3 
reprdseutatif  sur  le  plan  gyroscope  soul  de  ce  que  peurralt  Stre  le  gyromltre  prototype  et  done  I  I'exclu- 
sion  du  bouclage  gyromdtrique  et  autres  disposliifs  spdcifiques  lids  I  sa  mise  en  oeuvre  dans  la  R.l.,  tele 
que  ebauffage  et  alimentations,  alusi  que  de  1'interface  mdcanlque  et  envlronnement  tlictulquo. 

L'asservissement  du  gyromltre  est  assurd  par  une  boucle  de  Uboratolre  I  commands  continue  en  couraut. 

Cow  esaais  out  ltd  poursuivls  sur  une  maquette  de  rdfdrence  inertielle  SFIM  NIL  1N-H02  seuxde  lire 
representative  du  niveau  des  performance*  vlsfcs  3  t'exciusion  des  points  suivants  i 

-  encombrement  (seui  ie  bloc  capteur  est  rcprdsentatlf  du  prototype), 

-  tenue  en  temperature  (limitation  3  20*0  i  2*C), 

-  tenue  on  vibration, 

-  certainet  conditions  d'etsploi, 

•  interfaces  dlectrlqucs  et  mlcaniqucs, 

-  performances  dynamlqusi  t  fonction  de  transfert  et  bruit  sur  les  sorties. 

La  maquette  utilise  un  prdchauffage  de  durde  minimum  12  mn  qui  est  maintenu  pendant  les  essais. 

Toutcs  les  assures  sont  rdalisdes  en  mode  “ddgradd"  ou  "opdrationnel*'  (au  plus  tit  10*  ap'l*  la  mise 
sous  tension)  sur  les  sortie*  fonctionnelles  vitesses  angulaires  et  accdldrations  llndairo*  fouruies  en 
tuusdriqut  dans  un  trlldre  de  rdfdrence  lid  au  bottler  de  la  K.l.  par  l* intermddlaire  d'uno  sortie  DVR. 

Le  niveau  de  performance  attaint  par  un  systlme  3  composants  lids  ddpend  pour  une  large  part  de  la 
couoaisssnce  des  noddles  d'erreur  et  des  compensation*  d'erreurs  rdalisdes. 

La  stabllitd  des  termes  du  modlle  d'erreur  refilto  done  la  performance  ultimo  du  satirist,  performance 
qui  ne  pourra  cependant  Stre  atteinte  qu'aprls  dtudes  el  calibrations  pitta  ou  twins  complexes.  11  imports 
done  de  prdciscv  la  ttature  des  compensations  rdalisdes,  qui  sont  pour  cette  toiq»«tto  les  sulvantes  : 

-  compensation  d'erreur  des  factcurs  d'dchetles  des  moteurs-couples, 

-  compensation  des  mdsaligtiement*  ooteuvs-couplss  et  axe  de  spin, 

-  compensation  de  derive  d'auiso-icertis. 
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-  compensation  thermique  statique  des  facteurs  d'Schelles  moteurs-couples 

-  compensation  des  termes  de  derives  ;  couples  indgpendants  de  g  et  proportionnels  3  g  et  3  g2 , 

-  compensations  thermiques  statiques  du  couple  independent  de  g  et  du  balourd  axial  des  gyromitres 
balourdSs, 

-  compensation  d'erreur  de  lindaritS  des  moteurs-couples. 

Ces  compensations  sont  rSalisSes  3  la  frequence  maximum  de  93  Hz  uniquement  pour  la  fonction  naviga¬ 
tion  nScessaire  au  guidage. 


3  -  MQYENS  UTILISES 

Les  conditions  restrictives  d'emploi  de  la  maquette  gvaluge  ont  limitg  les  essaia  3  ceux  rfialisables 
en  laboratoire  en  ambiance  rSgulSe  (20*C  ±  1®C)  sur  un  simulateur  2  axes  type  GOERZ  52  M2  pilots  par  un 
calculateur  du  commerce  assurant  les  fonctions  acquisition  d'attitude  du  simulateur  et  des  sorties  des 
matSriels,  commande  des  axes  et  traitement. 

Les  sorties  analogiques  des  boucles  gyromgtriques  du  gyromStre  sont  converties  3  l1 aide  de  convertis- 
seura  tension/frSquence  en  impulsions  comptfies  par  le  calculateur. 


1 
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Les  sorties  numlriques  incrfimentalea  de  la  S.I.  sont  lues  par  le  calculateur  3  la  frequence  typique  de 
S"1* 

Les  paragraphes  suivants  donrant  les  modSles  reprfioentatifs  des  mats riels,  avec  les  syoboles  suivants  : 

X  ;  scalaire 
X  i  vecteur 
(X|  :  matrice 

(X|  c  :  matrice  transposde  de  X 
_a  :  vecteur  vitesses  appliqude  -(tUx,  Wy,  it)*) 

A  :  vecteur  acceleration  appliquee  •  (ax,  ay,  sz)t 
jft  i  vecteur  vitesse  estimie 
■f”  t  vecteur  acceleration  estioSe 
A-O.  i  vecteur  erreur  vitesse  eatlmde  «  ii-  :2s 
AA  i  vecteur  erreur  acceleration  estim6e  ■  A  -  A 

bxTT  :  erreur  re*iduelle  de  compensation  du  terme~d' erreur  X,  axe  i  (i  ■  x,  y  ou  a),  gyro  j  (j  -  l,  2 

~  or  3) 

$  Si j  t  erreur  rdsiduelle  de  calibration  du  facteur  d'Ccbolle 
uoteur  couple  axe  l  (1  «  x,y  ou  a) 


var  (X) 

-  ? 

C  -  A 


P,  V 
£»  U 
f1 

5 

* 


t  variance  du  paramfctre  X 
i  matrice  de  covariance  du  vecteur  X 
i  moment  clndtique  ~ 

:  term*  d' anlso-lnartle  note  tgalemant  J 

i  balourd  axial  toupie 
t  balourds  tranveraaa 
i  aniao  Slastielt* 
t  couple  fixe 

s  misalignment  des  ligne*  d'action  taoceur-eouple 
s  ttfiaallgueaant  da  apin. 


3  -  MODELS  D’EHRtUU  DETEaMlNISTE 


4.1,  KodIU  atatique  du  gyromStre  balourd! 

L'iquatlun  ci-detaou*  expti&e  lea  couplet  det  awteura -couplet  en  function  des  viteaaea  et  accele¬ 
rations  appliqufea  au  gyroeitra  dans  lea  axa*  x,  y,  a  du  gyrooitra  i 


-  MY 


T 


MX 


r 


*  (I  ♦  Ssx).((w*  ♦  B.  ax)  ♦  .  6u  a.  <Xi  a  -  P<  y .  (&«♦».  as) 

♦  J  x.(  (y  ye  B.xy)  ♦  P  y 

*  (I  ♦  A  Sy),{  Oj  y  *  B.ay)  ♦  >wy.Lu*  *c<x,  (£t/a  *8.  aa) 

-  jf  y.  lyjx  *  B.ax)  -  P  x 

Eq.  4.1. 


equation  dans  laquellu  lea  couplaa  P  sont  functions  da  l 'acceleration  applique*  r 

f  *  •  Pb*  *  Vx.  at  *  P.ax  -  (O.ay  -  E.ax).ai  1  .  . 

Py  •  foy  •  Vi.  at  ♦  P.ay  -  (O.ax  *  E,a/).aa  ) 

(lea  tercos  ntlllaCs  aunt  difinis  dans  la  liste  des  syabolei). 

La  particularite  du  gyrooitre  baleurdi  epparalt  dans  les  tenses  d'erreur  suivants  : 

*  -Ssx.  B.ax,  &Sy.  B.ay  t  erraurs  dues  aux  facteura  d'icUelle  des  ooteure-couplct . 

*  Js.  B.ay,  Jy.  B.ax  et  X  y •  B.at,  p(x.8,a»  s  erreura  dues  aux  ftleaSlgnamenta. 

AprSs  iompervsation,  lee  equations  prfcfdentee  sont  modifies*  de  f agon  3  traduire  les  erreura  real- 
duel  Sea  de  compensation.  Le  symbol*  $  designs  let  erreura  rfaiduaile*  da  coagsanaation  des  tarnaa 
d'erreur*  ou  da  calibration  dea  fectaur*  d'erfioU*  i 
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■■S Jfy  5  Sy  Sxx 

SSx.6  -f  SS 
.SP-Sjy-B 


WJx 

<S  J  o 

UJ  l.iu  l 

> 

CO  y 

U>  i 

+ 

o  SJ 

• 

Coy  .  Co  ?- 

i  r 

S.  P+  syx .  6 
S  S^.  8  +  SB 


hYy  -  &Xy.  B. 

-  ^  K*  +  S  at*  .  6 


SO 
-  SE 


SE 
S  0 


a*'«^ 

\A  y  .  4  l 


*x 

♦ 

«  * 

SPky 
si  p  b  x 


oil  B  est  la  valeur  nominal e  du  balourd  touple. 


posant  M  » 


-*y/h 
M*/>V 

1* Squat ion  4.3.  deviant 


M*,y 


AMX 
m  y 


!iu*  ♦  8. ax 
(t/y  ♦  B.ay 


ou 


M  -  -H.+  B.A  ♦  A 


S  x 
$y 


Eq.  4.4. 


M  :  sorties  du  gyromdtrc 
et  A  :  entries 
B  :  balourd  nominal 
A  »  vecteur  errcur 

[.'equation  4.4.  est  cell*  du  gyrcodtrc  balourd!  aprds  compensation  d'erreur.  L'erraur  rfislduelle 
A  contient  Involution  dee  coefficients  par  rapport  0  leurs  valeurs  de  calibration,  Evolution  function 
du  temp*  et  das  conditions  oe  wise  «n  oeuvre,  d'utilisation  et  d'environuement. 


la  prinoipale  crreur  life  3  l'envirouneaeut  eat  celle  due  B  la  temperature  atabiaote  T  et  a  son 
influence  aur  let  terms*  P  ,  B  etSs  i 

.  sPr-^m 
.  JTbt  •  Br  <t) 

.  g  st  *  Sr  (t) 

Vt  ,  &T  et  St  Bteot  let  aenaibilit!*  en  tempSraturo  rtdul  tea  e«  premia  re  approximation  4  dee  function* 
linBairea  de  T. 


Aprfis  compensation  thermique,  1' crreur  rlsiduelle  ea  teaplrature  eat  en  prlucipe  aUatoire  et  eet 
iucluse  dan*  lee  tor  ace  &P*  SB  et 

I.' Equation  du  gyroedtre  non  balourd!  aprfea  compensation  d'erreur  eet  obceaue  eu  annul eat  le  ferae 
•  dene  I'dquation  4.4  t 

H  *  £q.  4.6 


4,2.  Huddle  eteclque  de  la  r!f!rence  iturtielle  B  gyromdtre*  balourde 

La  disposition  dee  3  gyromdtre*  dene  la  rlflrence  Ioertielle  (H.l.)  eet  dlfinie  figure  1 9.  Us 
rotations  an  tangage  et  lecet  eont  mesurle*  par  un  gyremdtre  noo  balourd!  d'axe  de  spin  parallels  4 
l'asc  de  rouite.  Lee  4  autre*  poramStres  (Is  rotation  an  roulls  et  lee  3  ecclllration*)  tone  nature* 
par  2  gyroadtres  balourd!*  d'axee  da  apin  orient!*  en  tankage  et  lacet. 

la  sfparetion  dee  Information!  eat  obtenue  par  rlsolotlon  du  eyetdr*  d'dquatlona  ci-deasou*  obte- 
nos  par  application  de  l'Squatloo  4.4  aux  1  gyromdtres  indicia  I,  2  at  J  respect iveocat  en  rout  is,  lacet 
et  tentage  t 


.*♦)  i  j 

=  -  ,  / 
9  1 

i*J  y 

■+•  S  x  i 

AMyi 

U*y 

-  tue^ 

♦  Syt 

a*n 

»  !0  .  - 

U>y)  f 

6.  {Ut-Ayj  »  S  Xt 

4u  y  t. 

-  -43,. 

L  K 

f(uy). 

S£i  .  B.  ^An?  (tyj  r  iyi 

tetl 

■* 

y 

l  *  Lot} 

■e  .  ft.  (a  a  -a  a  S  x  i 

fcyi 

*  Vi  .  1 

f  If  1 

t  +  ^  ij 

fe.  ^*»A+  4*^  4- 

beta  t  .  81  -  o  ;  82  -  -  U  »  B>  0 

.  Xi,  Vi,  21  t  triidre  U6  au  gyromdtre  i  •  1  2  3 
.  X,  V,  Z  :  triddre  ii!  i  la  K.l< 

la  eolutlod  unique  du  ayetdaa  4.2  p treat  da  dSfinir  lee  arrears  (  fl-rt.  et  A  A)  sue  lee  sorties  par  s 


•  • 


•  « 


•  • 


JH . 


•  • 


4  A.  a  m/2-  “  «*Q. 
Ck  A  b  A  -  A 
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Sc u*  -sy,.)  -  (sxj-  &y»;] 

A  Jl  -a  S  Coy  --  VT  ,  Syt  ~  s  XiJ 
Stut  -  vp.^syi  -  SXij 

S ax  ~  v^.£(SX2.-Sy*.J-tUxs  -  Sy*j] 

AA  -  =  yl.  ~(  sxn-  Sy*)-  fs>r*.  +  sy*.)J 

Aa?:  ^  il.[(Syi-.  &XiJ- (SXit  4>y*j] 

Eq.  4.8 

L' Equation  4.8  montre  que  les  erreurs  en  vitesse  et  en  acceleration  sont  horoogSnes .  La  figure 
20  foumit  1'  expression  des  vecteurs  erreur  A-fl-  et  A  A  en  fonction  des  erreurs  residuelles  de  compen¬ 
sation  des  termes  de  cheque  gyromfctre  dlfinies  par  liquation  4.3. 

L' expression  gdnSrale  de  ces  vecteurs  erreur  est  la  suivante  : 

A-a  =  D.  +  )Kj. sl  Jl  4- |B|.  A  4  |e/.|A j.  A 

=  A«  4|G/.Jl  f/hJLMV-  =0:  *  |1|«  A +/W/.MJ.  A 

Eq.  4.9 

expression  dans  laquelle  :  .  , 


o 

Cu  l 

o 

o 

<Xi 

o 

o 

O 

Co  X 

/ 

|A|  - 

o 

o 

(Oy 

0 

0 

a 

O 

la  forme  ggndrale  des  matrices 

j*|  .  |J|  ,  l»|  .  1  :  |6|  •  |H|  ,  |M/  ,  |N| 

est  donnfie  figure  20  et  l'origine  des  termes  de  ces  matrices  est  la  suivante  : 


J  Kodfele  d'erreur  de  la  P..I.  (Eq.4.9) 


Kii  :  facteur  d'Schelle  en  vitesse 


Mil  :  facteur  d'dchelle  en  acodlSratTon 

Kij  :  facteur  d'Schelle  transverse 
i  i  j  en  vitesse 


~Mij  !  facteur  (i'ficheile  transverse 
i  i  j  en  accfilfiration 

B  1  ,  j  Coup 1 age  statique 
El  1 

.  vitesse  x/acc616ralion 
X.  ■*  I 


B  i  1 

g  ^  ’  j  couplage  statique 
i  «  2  et  3  vitesse  y  et  z /  acc.616ration 


Gij  i  co>>plage  statique 

Hi  j  i  accfildration/vltesse 

Jij  t  dSrive"proportionnolle  3  Co i 


Erreur  de  compensation  gyro  (Eq,  4.4)  J 


*  SsYi  +  &  SXi  i  facteur  d'fichelle  des  moteurs-couples 

(variation  de  1' induction  magnfitique  de  la  couronne 
d'aimants  de  la  toupie)  [ 

*  ££yi  -  ^xi  J  octhogonalltfi  des  lignes  d' action  deq 

moteurs-couples  | 

*  idem  Kii  plus  :  —————— 

•x  5Bi  -  5  B j  :  erreur  de  compensation  des  balourds 
toupie.  . 


t  £SYi  -  g  SXi  erreur' d'  aMsotropie  des  facteurs 
d'Schelles  des  moteurs-couples  (principalement  lifie  a 
l'giectronique) 

*  +i^Xi  t  mesalignoment  du  gyro  autour  de  l'axe 
de  spin 

*  Jell  mlsaligneroent  de  l'axe  de  spin 

*  idem  Kij  (i  +  j)  plus  :  * 

*  SP/A;  £  V/&  termes  P  et  V  rlduits 

r"  < '• '  *  "  1 '  *** 

y  o  S  i  facteurs  d'Schelle  des  moteurs  couples 

*  j  i  y  i  mSsalignement  des  lignes  d'action  des  moteuro 

*  couples 

*  ^  %></.  :  mSsalignement  de  l'axe  do  spin 

*  dB,  $P,  Sv,  &  E,  :  termes  des  2  gyros  balourdfis 

*  Sb4  ,$Pt,  SvL  ,  jEt, 

termes  du  gyro  non  balourdfi 


ot 

*  JLi  ;  anisoinertie 
B 

“ *  5  J  s  anisoinertie 


*  &  [\  !  couples  fixes 


n  ! anisodla3ticitd 


>  • 


r  • 


t  • 
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Cette  repartition  des  erreurs  montre  que  par  rapport  4  un  bloc  capteur  gyromStrique  classique,  la 
sortie  vitesse  comporte  des  tenses  supplementaires  de  couplage  statique  (sur  1'axe  uniquenent),  ce  qui  tie 
const! tue  pas  une  modification  de  structure  du  module. 


5  -  MODELE  D’liRRKUR  STATiSTIQUE 

TJne  fois  les  ptramgtres  du  module  statique  determines  par  des  eo-sais  appropriSs  ddcrits  au  chapitre 
suivant,  il  est  djfduit  : 

-  le  rfesidu  de  modglisation  dans  chaqut  essai, 

-  les  variations  de.  paramStres  du  modftle. 


A  partir  du  modSle  de  l'gquation  4.9  et  de  sa  composition  donnde  figure  20,  il  ressort  que  : 

V«U-(SU>*)  °  O 

Vtxv-^4^-)  =  °  Vo.r(StjyJ  e) 

0  cot/  (  .Su  yj  Var-($u-f) 

avec  en  particulia.-'  pour  -il  et  A  constants  : 


Eq .  5.1 


Vttv  ($u>^  3E  a>**v  Vav  (  K^'x)  +  .  v <xy  (Kj’y)  v  .  Va.)r  ( 

4  (X%\  VW  (  a)  +  Ay-.  Vft'r  (B  iy)  +•  <X*  •  1 fl'r  (Bj>) 
4  &Ji,  UJX  •  Ya\r  (T^'yj  p  CbK.IXiy  -  V<Mr  (  Jj*) 

+  Ay.  4*  •  Vav-  (E4'x)  +-  az.  a*  .  V«V-  (  E^y) 

+■  Ax  *ay  .  VO-V  +  Vdlr  (O.j  J 


Eq.  5.2 


l'expression  de  la  variance  en  acceleration  eat, 

per  contre,  gfenSrale  : 

VZtv  (  Sax] 

Cov  (  Sax/  $ayJ 

Cov  (  Sax/  in* ) 

yav-|AA  ]  = 

COV  (  Sfty^  ) 

Vo.1-  (  4a  y  J 

cov  (5ay^4o%) 

tit/  (  Sa  ^  So  x  ) 

CoV  (  Sa  v,  4a  y^ 

]/a  \r  (Ui) 

Eq.  5.3 


La  variance  de  cheque  paraaStre  est  composfie  des  variances  fonction  du  temps  et  de  la  temperature 
selon  les  variances  diementaires  auivants  : 

'T'a'"  s  variance  en  focctionnement  continu  en  fonction  du  temps . 

q-y.1!  variance  caract3risant  la  r6p6tabilitd  4  court  tense  entre  arret-d&sarrage. 

q' * :  variance  4  long  terme. 

variance  fonction  de  la  temperature  athbiante  T. 

<T*,vi  variance  induite  par  la  mise  en  temperature  au  demurrage 
q'l,'-;  bruit  de  meaure  (rfiaidu  de  modeiisatlon) . 

La  variance  totale,  toutes  conditions  de  foncdonncnent  indues,  eat  la  so  tame  i 

<T  L=  C+  v  ^  +  n  ^  Eq.  5.4 

ce  qui  tdgnlfio  1*  indfipondance  des  erraura  ainsl  dSfiniea,  La  Hate  des  variances  gl&sentaire*  n'est 
pas  limitative. 


6  -  IDENTIFICATION  Ed  MODELE 


6.1.  Type  d'essais 

Deux  types  d'essais  sont  utilise*  t 

-  des  esaais  A  1'arrSt  i  essais  de  else  en  temperature  at  essais  multipositiona .  Ces  esaais  »on- 
sibilisent  lea  tenses  constants  et  les  tenses  fonction  do  I' acceleration. 

-  des  essais  en  rotation  pour  sonsibilisor  les  tenses  fonction  do  la  vitesse. 

Lea  essais  en  laboratolre  liaitSa  4  *  Ig  no  purmettent  pas  d'identifier  lo  modSlo  en  acceleration 
avec  suffisemment  de  precision. 

D'autres  essais  sont  alors  nficossalre*  pour  valider  les  r6sultats  obtenus  sous  I  g 

-  essais  sur  centrifugouse 

-  esaais  sur  table  slnusoidilo 

-  essais  an  vibration. 


6.2.  Esaais  4  1'arrSt 


6.2.1.  Easais  de  miso  en  temperature  (MET) 

Get  oasai  coneiste  4  mosuror  les  sorties  lor*  du  r%liao  on  fonctionnemont  transitoire  (R.T.) 
obtonu  par  iu  miso  un  route  du  aat£riel.  Four  1* application  missile  Air-Air,  cede  phase  transl- 
toire  eat  la  phase  de  fonctlonnemcnt  operational .  Compte  tomi  du  caract&re  non  itatlonnelre  do 
cette  phase,  il  u'evt  pas  possible  do  conduiro  I'ensemblo  des  essais  nSceosairus  4  1' identifica¬ 
tion  pendent  £jtte  phase.  Autei  est-il  uniquenent  raosurd  Involution  des  sorties  H  (tax  et  my)  du 
gyromStre  ou  diet  "fc  do  la  reference  inartiollo  pour  des  entrees  conatantes  dmis  les  3  positions 
fixes  suivantes  ;  “ 

WHIT  ION 

X  vertical  -  Zonlth 
Y  vortical  -  Nadir 
2  vertical  -  Zenith 
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Ces  positions  sensibilisent  : 

-  les  termes  constants 

-  les  termes  proportionnels  R  1' acceleration 

-  pour  une  trSs  faible  part,  les  termes  proportionnels  2  JL(  -Qs-  JLterre) 

et  ne  sensibilisent  pas  les  termes  d'anisoglasticitg  et  l'aniso-inertiLe. 

ParallSlement  aux  mesures  gyromStriques  mx  et  my,  la  temperature  interne  du  gyromStre  est 
enregistrge. 

On  prSsente  figure  21 ,  un  exemple  de  dgrive  obtenue  (M01 ,  Z  vertical) . 


a)  ^yromStre 


les  Svolutions  5  la  mise  en  route  sont  relativement  importantea  our  ce  type  de  gyromStre 
(jusqu'3  60e/h)  mais  en  aucun  cas  agravSes  par  la  presence  d'un  balourd  axial  toupie. 

les  evolutions  ne  sont  pas  efficacement  compenages  par  une  correction  thermique  statique  ce 
qui  confirment  la  ngcessitg  d'une  compensation  dynamique.  Les  ph€uomSnes  sont  &  titre  d' exem¬ 
ple  de  la  forme  : 


Posx  vertical 


SOo 

le  r6gime  transitoire  depend 
mdcanique  ont  gtg  utilises. 


S  to*.  •=  dS‘‘//r*‘  ,  (i  •  fi  ^  )  tx  r  lio 

y  *  s-  „  Zy 

snd  de  1' interface  mdcanique  du  gyromStre.  I 


=  Z 1 0  Ati, 

mdcanique  du  gyromStre.'  Deux  types  de  montage 


b)  R.l. 


Les  performances  en  rdgime  permanent  (R.P.)  obtenues  sur  une  pgriode  d'essai  intervenanc  6  mois 
aprds  la  calibration  de  la  R.l.  sont  les  suivantes  : 


Performances  en  R.P.  (1  <T)  , 

Unites 

Erreurs  616mentaires. 

o/h 

1 

"lo-4  g  j 

1 

Dgrive  algatoire  en  fonction-  , 
nement  contlnu  sur  1  heure  : 
apr&a  stabilisation  j 

0,75 

1 

1 

1 

! 

1,3  | 

<r* 

1 

1 

1 

I 

R6pgtabiiitg  &  court  termo  . 
entre  arrSt-dfiroarrage  . 
(dgrive  stabilises)  , 

6 

1 

1 

1 

1 

8  J 

1 

1 

1 

Rgpetobiiitd  d  long  terme  , 

(6  mois)  j 

39 

’  ! 

1 

1 

52  ! 

1 

1 

La  rdgime  transitoire  (R.T.)  sur  les  sorties  de  la  R.l.  est  caractdrisg  par  : 


Performances  eu  R.l. 

i 

1 

Unltds 

,  Erreurs  dldmentalres 

pr0-6“rr 

1 

1 

Variation  entre  la  Iferc 
nesure  et  aprds  30  rai 
(Valeur  erfite) 

i 

!  60 
i 

i 

|  90 

1 

1 

J  A  M)  VU  %  (1  <M 

1 

! 

1 

1 

RfipCtabllltfi  R  court  terme 

sur  la  16re  mesure 

(t  -  10s  a  t  »  10  *  36s) 

(i  <r ) 

1 

l 

1  5 

1 

) 

1 

1 

1  12 

1 

1 

1  (r.\rrW)'/L 

1 

* 

1 

1 

I 

1 

Uu  exemple  de  wise  an  temperature  sur  les  6  sorties  est  pr4«ent£  fig.  22 
6.2.2.  Essalt  -  Hulclposltlon 

•  Ces  essals  ont  pour  but  de  determiner  les  valours  do*  coefficients  du  madSle  d'orraur 
composd  dee  termes  solvents  : 

-  termes  Independents  de  g 

-  termes  proportionnels  R  g  et  &  g2 

-  U  senslbllitd  thermique  de  cue  coefficients  dfifinle  dans  les  equations  6.6  «t  6.9  rospactive- 
ment  pour  le  gyroogtro  et  la  K.l. 

La  sensibllltg  cherolque  doe  coefficients  n'a  pu  Stre  dvalude  sur  le  gyromStre  teul,  c'ott- 
3-diro  sur  dos  coefficients  non  compensfis  an  tempdraturo. 

La  procedure  consists  i  wesurei  les  sortie*  (M  on  Aflat  A  A.)  dans  20  position*  on  rfiglme 
permanent,  estlmev  les  valours  des  coefficients  des  modulus  ot  lours  Incertitudes  par  la  mfithodc 
due  moindros  carrds  gdnSrall*6a  » 

t  a  |a*j  )»  X  »  £ 

o 6  A  «  vectaur  orrour  a)  gyro  milt  re  (Eq.  6,6)  :  A  ■  N  -  ■& 

b)  R.l.  (Eq.  6.9)  t  &  -  et  Ajt 


Eq.  6.1 
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ja.ijj  »  mat  rice  des  accelerations 
X  »  vectour  inconnu 
£  ■  bruit 


La  solution  de  1' equation  6.1  6tant  :  ^  t 

x  =[i«‘il‘-hv)r-  Kl  ■  4 


ou  <r  sst  la  variance  du  bruit  de  mesure  estimSe  '&  partir  du  rfisidu  de  oodeiisation 
a)  GyromStre 


[PbX/rby/  p*  P-  j/.&/ 

Vy-p<y.6/-vlf+^.B,  e,  o 


Eq.  6.4 


La  sensibility  en  temperature  est  obtenue  par  la  determination  de  X  (Eq.  6.4)  I  20,  40 
et  60°C  de  temperature  ambiante. 

Les  termes  o(  x,  d  y,  x,  $  y,  &x,  I5y  Scant  determines  par  les  esaais  en  rotation, 
l'€quation  6.4  peut  se  rSduire  i 


x-  QW  a,  t,v,,vy,  e,oj‘ 


Eq.  6.7 


Eq.  6.5 


b)  R.l. 

vitease  ! 

X  -  f D*u,  8*^6**  Pxx,Gx>>  E  A  t,  I5y»/  By*,  Byy 

By  fcy  E»v  ey  *■/  Di  v  ex  1 

acceleration  t 

X  -  £Axo,  Nxx,  fix*,  Mx*,  N  **,  /V  x  */  Ayo,  /1y  x,  Myy/ 

PJy  *,  Nyyf  Yy  j,  A  Max,  Mf  y,  Mm,  ^  i  f  j  11  Bq*  6.6 

r6oultots  : 
a)  Gyromfitre  i 


.  Coefficient 

Valeur  rayennc 

Incertitude 

.  Senslbilite  en  temperature  (20  -  60*C) 

1 

!  T  bx 

!  -  64*/h  | 

0,7*/h 

!  2,25*/h/',C 

C  by 

-  39*/h  ; 

0,7*/h 

-  1 ,45*/h/*C 

P 

-  4*/h/g 

1 ,0*/h/g 

0,05’/h/g/*C 

« 

8 

503fl’/h/g 

1 ,0*/h/g 

0,09*/h/g/*C 

.  Vx  -«<x.B 

-  t3Vh/g  ; 

0,9*/h/g 

0,05“/h/g/*C 

1 

Vy  -  Xy.B 

;  -  27  /h/g 

0,9*/h/g 

j  0,05*/h/g/*C 

» 

E 

J  D 

-  0, 2*/h/g2 
,  -  0,6*/h/g2  . 

2*1  M  g* 

2,t*/h/g2 

t  |  0,01 ‘/h/gJ/’C 

1 

1 

Coefficient 

J 

! 

RSpetablllte  a  court  tcrme  (T  *  20*C 

♦  1*C 

Tb 

t 

i 

8*/h  ; 

1 

B 

i 

i 

l,7*/h/g 

|  erreurs  616mentalres  t 

P 

i 

i 

0,4*/h/g 

[ 

V 

E 

i 

i 

* 

l ,3*/h/g 
0,2*/h/g2 

!  *  erreur  atatlstlque  i 

<TV 

D 

1 

i 

0,2*/h/g2  ) 

I  a  erreur  d<terminl*te  t 

influence  da  la  temperature 

• 

i 

T  (non  coapen*<e) 

Lea  terraa  P  ,  P,  B,  et  V  sont  determine*  uvec  »uifl*amssent  do  precision  pour  quo  le* 
valour*  obtenue*  aoient  significative*  et  constituent  une  validation  du  module  dans  le  domalno 
i  lg. 

Le*  termei  E  ot  D  no  sont  pa*  o*tio6s  avec  uun  precision  auffisante*.  De*  etsai*  en  vibra¬ 
tion  *out  habitual  lament  utilise*  pour  estlmor  c«*  paromStro*  avec  plus  da  precision. 

La  rSpdtabilite  4  court  terra  Inoluc  la*  variations  das  coefficients  duo*  S  la  temp4ratura 
ambiante  par  l' i n termed iai re  : 

-  de  la  aunslbllitl  do*  terra*  eux-mime*  6  la  temperature  t  f  bx.l'by  at  dan*  une  ooludre 
part  B. 

-  de  la  aansibllite  du  factour  d'Cchello  da*  aoteuri-couple*  4  la  temperature  (4.10~4/*c)  : 
errour  d'astlmatlou  du  terra  1)  (cf  I  6.3.). 

b)  R6f6renco  lnertielle 

Lea  rdaultata  d1 Identification  du  aodSle  en  vite««e  (Equation  6.5)  et  en  acceleration 
(equation  6.6)  aont  illuatre*  par  1 'example  dound  figure  23  aO  flgurent  tou*  forme  matrfclelle 

-  le  rad  vie 

-  lea  valours  estlmdcs  dea  coefficient#  du  modSle 

-  1' incertitude  doa  coefficient*  ainst  que  le  rfisidu  de  modeilaation  "Sigma". 


f  • 
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Les  termes  en  vitesse  sont  exprimfis  en  °/h  ,  °/h/g  et  “/h/g*1. 

Les  termes  en  acceleration  en  102.^g,  10"4  g/g  et  10~4  g/g2. 

NOTA  :  Le  symbole  t  masquant  les  pararoStres  Ex 2  et  Nzz  signifia  que  ces  par amS tree  n'ont  pas  6t6 
sensibilisSs  par  les  20  positions  choisies.  UltSrieurement  24  positions  seront  utilisSes. 


Coefficients 


RSpStabilitfi  3  !  RSpfitabilitfi  3 

_ 1 _ _ _ /  C.  . 


coitrt  terme 


I 


long  terme  <6  mois) 


Uritfis 


Doi 

! 

f 

0,9 

t 

• 

34 

Bij 

l 

« 

0,9 

I 

I 

! 

t 

1 

I 

10 

Eij 

1 

1,3 

1.8 

Aoi 

1 

» 

1,9 

32 

Mij 

I 

» 

4,3 

28 

Nij 

J 

t 

2,3 

3,3 

°/h 

#/h/g 

°/h/g2 

10-4g 

10“4g/g 

10-4g/g2 


Erreurs 

Sl&aentaires 


T/j 1/1 1  (  Tm-  Tr\ 


Performances  en  essais  multiposition  3  1  1  g 


j  Coefficients 

!  R6p6tabilitS  3  ! 

R£p6tabilit6  3  j 

Unites 

!  court  terme  . 

long  terme  (6mois)  . 

!  <560 

;  i,2  [ 

35  J 

7h 

j  5* 

!  2'3  ! 

I  i 

40  [ 

|_ 

10-4  g 

-  .  _  -  4 

jErreurs 

£l£mentaires 

](r„s  *;,;*! 

6.3.  Essais  en  rotation 


6.3.1.  But  des  essais 


Ces  essais  ont  pour  but  de  determiner 
a)  aur  le  nyromfttre 

-  les  facteurs  d'dchelle  des  moteurs-couples  Kx  et  Ky 

-  les  mSsalignemcnte  i  J  x,  J*y,  c<  x  et  0<  y 

-  le  term*  d ’ aniso-inertie  t  (C  -  A)  /  H 


Lea  prBcession*  61ec.tr iques  dtfinies  dans  l'6quation  4.4  s'exprlmeut  par  i 


b) 


Hx/H  *  Ks  .  lx 
My/H  -  Ky  .  Xy 

tut  la  R.I 


Eq.  6.1 


-  les  erreurs  de  facteurs  d'ScbaUe  t  satrlce  |  K| 

-  le*  termes  de  couplagc  statique  acc<16ration/vit*sse  i  matrice  |G| 
-les  termes  d'anlso-lrvertie  i  matrice  |,t|  et  |U| 


£..3.2i  HuilS  1#  d’erreuv  du  fact  aur  d*4ch*Ue 

Le*  facteurs  d'dchclle  Kx  ,  Ky  sont  fonctions  de  la  vitasse  appliqu<«  au  gyromStre 
et  du  temp*  ti 

+  +  Yx(<M,k)] 

Ky{to,t)  s.  Ky  y.  4  Jy  't' 

dquatinn  dans  laquallo  t 

-  KXo  et  KVo  sont  les  valeurs  dcu  facteurs  d'SctteUa  nooioalea,  aesurtes  pour  des  conditions 
initiates  nullss,  aua  vitcs»-'s  ±  60Yo  ct  t  toxo, 

-  u  ( (O  >  i)  eat  unu  fonctlon  paire  deW  i 

u  (6J>  *•  ko  ♦  kl.  eigne  ♦  k2to*l  ♦  ...  Eq.  6.3 


"  V  ,  t)  ose  A!«e  function  impairs  de  to  t 

v  (6u>  -  (i.to  *  signs  (fcj  *  ...  Eq.  6.4 

Voir  definition  pratique  des  termes  figure  24. 

Le  noddle  d'ar rout  correspondent  dans  la  R.l.  t  £ss  et  ^  Sy  est  fourni  par  les  relations 
suivantca  i 

ss*  *  “  iKW*y  -  Sur  -  Svy  Eq.  e.s 

&Sy  .  -SK  yx*  -  $ \JA  -  Sv* 

6.3.3.  Proctdure  appliqufie 

Les  essais  rfiallstis  sent  liaitCa  3  l' application  de  viteese  angulaircs  sur  lee  exes 
canon. iquos  X  ,  Y,  Z  du  gjromJtre  ou  de  la  R.t.  (le*  terme*  d'sniso-inertie  n'ltsnt  excltf* 
que  pour  de*  rotations  appliqufea  amour  d'txes  uou  canoniqucs,  ne  aeront  paa  Cvalufa  par 
est  esaai). 

La  gamma  des  vitas***  UJ sax  apptiqules  en  rdglae  permanent  (R.P.)  est  : 


* 


Jt 


# _ • 


•  • 
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I  Wo  CO  max 

- 1 - 

gyromStre  !  10*/s  200*78 

R.X.  1  lO’/s  100®/s 

Le  cycle  des  vitesses  appliqufies  est  <lu  type  : 

*  Co  o,  -COo,  ....  +  foi,  -Qji,  ...  +  Fornax,  -  tUmax. 

Four  chaque  vitesse  appliquEe,  les  mesures  sont  rEaliaEes  sur  des  Evolutions  completes 
de  l'axe  de  la  tabic  pour  moyenner  les  derives  proportionnelles  a  g  et  pendant  un  temps  de  360s. 

L* Evolution  en  fonction  du  temps  est  mesurSe  pour  Co  40s /a  a  intervalle  de  9s  (40 
mesures  successives  sont  rfialisEes  pendant  360s  pour  chaque  vitesse,  chacune  de  ces  40  mesures 
Etant  intEgrEes  sur  9s>. 

AprSs  chaque  vitesse  appliquEe,  le  syst&me  est  maintenu  a  1'arrEt  pendant  9mn  pour  rfita- 
blir  les  conditions  thermiques  initiales. 


6.3.4.  REsultats 

a)  GyromStre 

Le  modEle  identifiE  est  le  suivant  : 

t/x(U>,k)  =  klk).  Ojy ^  3 

Uy(0>,k/  =  klk).  CoS  )  Eq.  6.6 

VK(to,k)  so  ;  VylU*,bJ.  o  Eq.  6.7 

Ce  rEsultat  est  illustrE  figure  25  reprEsentant 

par  le  symbole  <>  :  V  (Co,  t)  pour  t  ■  9s 

par  les  symboles*-  t  u  (Co,  t)  pour  t  -  90s 
4-  «  .  *  t  -  180s 

^  n  *  h  t  “  270s 

t  n  n  u  t  ■  360s 

dans  la  gamme  i  10°/s  ;  t  200*/s  . 

L'axe  des  abscisses  reprEsente  la  fonction U  (10,  t  ■  9s). 

La  fonction  u  (to  ,  t)  traduit  l'Echauffement  par  effet  JOULE  de  la  couronne  d'eimant 
des  moteura-couples. 

Pour  lo  fixfi,  u  (t)  eat  solution  de  ; 

U(t)*ff.  2^)  -  U  (•*•)  Eq.  6.7 

V  t 

Let  valtura  typiquea  obtenue#  sont  t 
k  («,)--  2.6  10-4  /  (rd/s)2 
Z  -  150s 

La  forme  gEnErale  du  modEle  de  1 'Equation  6.6  pour  des  entrEes  en  vitesse  slmultanEee 
sur  les  2  axes  x  et  y  est  done  : 

Ux  (to.  t)  •  Uy  (to,  t)  •  K  (t)  .  (to  x2  +  toy2) 

aoit  U  (t)  •  k  (t)  .  (to  x2  +to  y2)  Eq.  6.6 

o&  k  (t)  ♦  5 ,  .  k  ( «-o)  Eq.  6.9 

0  k 

Css  Equations  pourraisnt  Itre  utllisEes  comma  modfile  de  compensation  d'Echauf fement 
dea  moteurs-couplsa. 

Ls  ssnsibilitE  tharaique  du  coefficient  Kxo  aat  SvaiuEs  COJ  ■  I  10*/#  dans  la  gamme 
de  teapErature  aabiauts  T  *  20  4  60*C  t 

-  4,10“4/*c 

K-.^t 


b)  8.1. 

L'estlaation  des  coefficients  des  matrices  \  K  |  at )  0  |  est  conduits  de  la  a£as 
faqon  sur  la  R.l. 

Une  illustration  dss  rfeuitats  est  donate  sur  Is*  terms# to  y  et  ay  i 

(Vi  *  kyx.  to**  kyy.  to  y  ♦  Kyi .  to  « 
ay  -  Cyx.fux  ♦  Cyy.  to  y  ♦  Cyg.  to  * 

Let  terms*  Kyx,  Ky  ou  Gy  .  Gy  sont  let  termea  de  couplege  thsrmlque  infErieur*  I 
2.10"3  (of h)  /  (*/h)  ou  (10-4g)  (*/h)  et  indEpendsnt#  de  to  et  du  temp#  t. 

Ls  fonction  Kyy  (tv,  t)  set  reprEasntEc  figure  26  dsns  la  gamme  J  10,  1  100*/t 
pour  t  «  36  4  360s. 

Ls  rEsultat  obtenu  est  cohErsut  avec  le  modlle  d'Echsuffsment  identifiE  sur  Is  gyro- 

mdtro. 

L'errsur  d#  UnEsritE  est  inffrisure  dens  esa  condltiooa  4  4.10"*  s 

kyy  (ft/,  t)  «  Kyyo  .  fl  ♦  l#(0/,  t)J 
u  (  lo  ,t)  <  4.Ur4 

kyo  i  dEtarminf  par  to  •  1  10 */a 
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7  -  CONCLUSION 

Les  premiers  essais  des  matSriels  mettant  en  oeuvre  le  concept  de  gyromStre  balourdg  rSalisSs  dans 
les  conditions  d'emploi  de  laboratoire  (±  lg,  1  100°/s,  20 °C  i  2®C)  et  pour  des  entries  en  vi teases 
et  accelerations  constantes  montrent  que  ce  principe  eat  applicable  au  ay  at  Sine  de  guidage  visant  les 
ordres  de  grandeurs  suivantes  : 

DSrive  1004/h  ou  10-2  g 

erreur  de  facteur  d'dchelle  <^10“3 

II  apparait  en  particulier  s 

-  Que  le  taodSle  du  gyromStre  balourde  n’est  pas  different  du  gyro  non  balourdC  et  qu'aucune  caractdris- 
Cique  statique  n'est  affeetde  par  le  balourdage  axial  de  la  toupie. 

-  Que  les  erreurs  en  acceleration  se  ddduisent  sensiblement  des  erreurs  en  vitesse  a  partir  du  rapport 
ddfini  par  la  valeur  du  balourd  axial  (ici  l°/h  —  1,  1.  10“^g) . 

-  Que  les  performances  actuelles  sont  amfiliorables  par  une  moddlisation  dynamique  des  effets  thermlques 
(transitoire  &  la  mise  sous  tension  et  dchauffements  internes  des  ooteurs-couples) , 

Les  etudes  {&%.  poursuivent  actuellement  sur  des  prototypes  de  R.I.  qui  seront  6valu€s  au  L.R.B.A. 
en  1984.  Le  nndSLe'bien  connu  du  gyromBtre  &  suspension  accordd  va  servir  de  base  &  l'dlaboration  des 
essais  future.  Ces  essais  permettront  une  evaluation  des  performances  et  des  erreurs  dynamiques  ainsi 
que  la  validation  des  modules  dans  les  domaines  de  vitesses  et  accelerations  lindaires  et  angulaires 
plus  61ev6s. 

Des  etudes  sont  conduites  dans  ce  sens  sur  des  moyens  spdcifiques  du  L.R.B.A  tels  que  la  table 
sinusoldale  20  g  et  la  centrifugeuse  80  g. 


00 

CM 

CO 

00 

o 

o 

cl 

i 

o 

< 


STRAPDOWN  INERTIAL  SYSTEMS  FOR  TACTICAL  MISSILES 
USING  MASS  UNBALANCED  TWO-AXIS  RATE  GYROS 
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is  dry  tuned  gyros  (DTG) .  Since  the 
has  worked  on  a  large  number 
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0  -  SUMMARY 

-&•  Xu  1979,  SFXH  began  work  on  strapdown  inertial  sysjtems  using 
first  feasibility  developments  434  7i>-’^-iwe~TlbTerence  kGKRCTtS- 
of  applications,  the  most  important  being  for  tactical  missiles. 

All  our  current  developments  are  based  on  the  same  concepts  -  mass  unbalanced 
digitized  electronics  -  leading  to  a  systems  family  -HWfc-*1- AttSvnc.Amqn  Tn»iM--i*in_i 
and  volume  requirements  are  the  essential  points. 

The  following  paper  describes  the  basic  ideas,  some  examples  of  utilization  and  the  teat  results 
obtained  on  some  functional  models  and  prototypes  by  SFIM  and  essentially  by  LUBA. 


gyroa/(H.U. 
—  in 


G.)  -  fully 
which  the  cost 


FIRST  PART  S.P.I.M. 


1  -  BACKGROUND 

SFIM  has  produced  GAM  (“Gyroscope#  AccordAo  Miniatures")  dry  tuned  gyros  sinoe  1972  for  various  applica¬ 
tions  rate  gyros,  optioal  stabilization,  ...  In  1974,  SFXH  has  contracted  by  the  Frenoh  Governmental 
Department  (STET,  "Service  Technique  dee  Engine  Tactiquee")  for  the  first  feasibilit  studies  on  strapdown 
Inertial  systems.  This  development  was  based  on  tactical  missile  applications,  at  a  time  when  very  few 
mlaaile  deaignora  could  imagine  this  requiremsnt. 

This  feasibility  development,  together  with  others  covering  helicopter  and  torpedo  applications,  was 
completed  by  the  delivery  of  some  systems  to  government  ground  test  or  flight  test  laboratories.  In  1978, 
SFIM  gave  a  lecture  (AGARD  n*  95)  and  described  the  SIL  3  prototype,  whloh  has  sinoa  been  tested  in  French 

Flight  Teat  Center  (Bretlgny)  and  by  LRBA,  with  very  encouraging  results  i 

-  stability  <  0.5*/hr  (l  <J“  )  (1  year)  over  a  range  of  100»/aeo. 

-  CEP  100  meters  for  a  2-minute  flight. 

These  tests  are  continuing,  with  an  improved  version,  on  a  drone  (C  22  SNIAS  ;  1984). 

Since  1979,  prototype  developments  have  been  carried  out  for  various  programs  and  application, 
with  s  strong  demand  for  taotloal  miaailes  s  air-to-air  i  sea-to-aes  )  air-to-ground  (  ground-to-air 
and  others.  SFIM  devoted  their  efforts  to  develop  a  coherent  Strapdown  Inertial  References  family,  with 
two  standards  ; 

*  2  i  baaed  on  2  two-axis  GAM  rats  gyros  and  3  accelerometers. 

•  Sit  l  i  based  on  3  two-axis  0AM  mass  unbalanced  rate  gyros. 

These  strapdown  inertial  reference  system  (IMU)  can  then  be  integrated,  as  a  module,  into  more  complex 
inertial  systems  (for  Missile,  helicopter  or  torpedo  applications). 

The  SIL  1  foully,  which  ia  used  in  almost  all  tits  systems  under  development,  ie  the  main  topic  of 
this  lecture. 

2  -  TACTICAL  MISSILE  REQUIREMENTS 


Tactical  miseile  application*  a tree#  special  requirements  : 

“  Multifunction  inertial  reference 

The  cost  and  volume  objectives  led  missile  manufacturers  to  define  inertial  reference  (1.1U)  for 
3  different  purposes  s 

-  inertial  guidance 

Inertial  reference  must  provide  precise  angular  and  linear  rate  data  to  the  missile  computer  in  order 
to  achieve  quality  Inertial  guidance  before  autopilot  target,  homing. 


6-18 


-  missile  contri  1 

The  strapdown  inertial  sensors  are  used  as  flight  control  accelerometers  and  rate  gyros  (3-axis  gyro 
and  accelerometer  package). 

-  stabilization 

Frequently,  the  I.R.  are  used  for  stabilization  of  homing  heads  (mechanical  or  electronic  stabili¬ 
zation)  . 

The  first  function  requires  average  accuracy,  with  the  other  two  need  high  quality  transfer  functions 
and  low  noise  levels.  These  parameters  are  often  not  easily  obtainable  at  the  same  time  on  a  single 
sensor . 

The  following  values,  covering  all  tactical  missile  applications,  can  be  noted  : 

-  1  to  100  °/hr  drift  (1  <f  ) 

-  1.10-4  to  1.10"2g  bias  (1  ) 

-  1.10"4  to  1.10-3  scale  factor  error  (1  <T  ) 

-  100  Hz  bandwith 

-  0,1  %  range  noise. 

-  High  dynamics 

Missile  dynamics  increase  in  inverse  proportion  to  inertia,  the  efflcacity  of  control  surfaces  and 
flight  control  systems,  and  above  all  the  new  operational  requirements. 

The  following  maximum  values  are  usually  quoted  : 

.  50.000  “/sec2 

.  2000  “/sec 

.  100  g 

It  is  difficult  to  combine  this  high  dynamics  requirement  with  accurate  guidance. 

-  Volume  and  cost 

This  is  a  high  priority  objective.  The  decrease  of  missile  volume  and  cost  induces  a  similar  constraint 
for  the  inertial  reference.  It  is  of  course  necessary  to  evaluate  I.R.  coBt  in  relation  to  the 
multifunction  aspect,  to  compare  with  a  standard  solution  i  guidance  system  +  control  sensors  + 
aerial  stabilization  sensors  . 

The  SFIM  solution  -  SIl  1  -  is  resolutely  directed  toward  cost  and  volume  objectives,  which  can  now 
be  quoted  aa  i 

.  volume  K.  1.5  liters 
.  cost  < 150  KF  (1983  HT). 

3  -  SPECIFIC  CONCEPTS 

All  the  strapdown  Inertial  systems  at  SPIN  are  based  on  a  gyroscope  family  -  0AM  1  0  -  which  hao  the 
following  general  characteristics  i 

-  typical  size  :  0  31  x  35  mm, 

-  glmbal  using  crossed  blodea  flexure, 

-  synchronous  drive  motor, 

-  samarium  cobalt  magnet  torquero  (1  or  2  rings  according  to  application)  ;  see  figure  1, 

This  gyroscope  is  ueed  at  a  rate  gyro  with  an  electronic  servo  loop  and  n  ternary  pulse  width  modulated 
torquer  control,  which  has  proved  be  the  best  a impl i c i ty/perf ormanco  (static  and  dynamic)  ratio. 

This  rate  gyro  is  implemented  together  with  Qflex  accelerometers  In  Sib  2  systems. 

In  Sib  1  ays terns,  the  CAM  1  0  la  Integrated  in  a  new  design  calling  for  special  conception  developed  at 
SFIM  over  »  last  few  year*. 

3.1.  Mass  unbalanced  gyros  (N.U.G.) 

The  first  work  on  mass  unbalanced  gyros  and  applications  began  at  SFIM  in  1977. 

If  the  center  of  gravity  of  the  spin  wheel  (0)  ia  not  identical  with  the  suspension  center  (S)  - 
unbalancing  -  the  gyro  becomes  sensitive  to  accelerations  in  the  Conquers  plane  (see  figure  2). 

A  simplified  operating  model  le  i 

Mx  «  (Oy  -  D.  Jf  y 
Mx»-6t/x*D.j'x 

.  CO  x,  to  y  i  case  angular  rate  (deg/sec) 

.  V  x,  y  y  i  acceleration  (g) 

.  Hx,  My  t  torque  applied  by  gyro  torquere  (dcg/eec)  ;  Measurements  provided  by  sensor. 

.  U  :  mass  unbalance,  proportional  to  wheel  ossa  and  the  08  distance  (deg/sec/g). 

In  a  more  complex  model,  the  torques  Mx,  My  can  be  expressed  with  respect  tc  real  measurements  Sx, 

Sy  (,'lrect  and  crossed  scale  factors  K)  j  spin  position  mean  vales  yx,  yy  t  drift  Dx,  Uyf  no 
linearity  terms,  the  other  model  terms  in  acceleration,  anisolnertia  term,  and  dynamic  terms  3x,J/ 
(Inertia,  spin  motor  hunting,  dynamic  spin  offsot,  ...)  zeroed  with  a  constant  angular  rate  to  x, 
tO  y,  with  residue  Hx,  Ry. 


•  . • 


• _ J»„ 
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Kxx  .  Sx  +  Kxy  .  Sy  +  NL  (Sx,  Sy)  +  Dx  +  Bx  .  Yy  +  P.  Y  x 
sdt'y+^x.^z  +  Cai  .CO  y  .  CO  z  +  3  x  +  Rx 

Kyx  .  Sx  +  Kyy  .  Sy  +  NL  (Sx,  Sy)  -  Dx  -  By  .  Yx  +  P.  T  y 
=  -  CO  x  +  yy  .  CO  z  -  Cai  .  CO  x  .  CO  z  +  ^  y  +  Ry 

Xhe  rats  gyro  therefor©  measures  a  combination  of  angular  rates  and  accelerations  ,  with  two 
measurements  for  one  gyro,  3  sensors  will  provide  6  values,  from  which  the  6  required  parameters 
will  be  calculated  :  COX M,  COW,  0O  ZM  and  J  XM,  d  YM,  6  ZH  (missile  axis).  Of  course,  it  is 
necessary  to  choose  mass  unbalance  and  sensor  axis  positioning  correctly  ;  the  optimal  choice 
depends  on  application  ;  but  it  seems  that  the  CO  /  Y  separation  is  obtained  by  placing  the  gyro 
axis  along  the  trihedral  axis,  and  by  maximizing  mass  unbalance  differences!  B2  -  B3  |  ,  J B3  -  Blj, 

|bi  -  B2j  ,  leading  to  the  typical  following  implementation  s 


-  gyro  1  s  non-mass  unbalanced  j  spin  Xm, 


-  gyro  2  s  unbalanced  ^  0  j  spin  Ym, 

-  gyro  3  :  unbalanced  0  ;  spin  Zm, 
with|B2  |  =  J  B3 1 ;  see  figure  3. 

Hence  (same  notations  as  above)  : 

Mxl  =  OJ  z 
Kyi  =  -CO  y 

Mx2  =  tO  x  -  B.  Y  x 
My2  =  -60*  +  B.  Yz 

Mx3  =  (0  y  +  B.  d  y 
My3  =>  -  (X)x-B.  Jfx 

These  equations  yield  : 

60  x  -  (Mx2  -  My3)/2 
OJ  y  «  -  Kyi 
60  z  s  Mxl 

Y  x  «  -  (Kx2  +  My3)/2.B 

Y  y  «  (Mx3  +  Nyl)/B 
d  z  »  (My2  +  Mxl)/B 

Several  notea  oan  be  made  : 


“  thera  is  only  one  kind  of  sensor  t  the  unbalancing  of  a  gyro  correspond#  to  possible  adjustment 
of  an  unbalance  screw  j  the  dpposite  unbalance  ia  obtained  by  rotating  the  spin  motor  in  the 
oppoaite  direction. 

-  the  aooalorometer  range  capability  ia  not  limited  by  itself  t  the  unbalance  value  B  ia  chooaen 
in  relation  to  the  flight  trajectories  V  typical  value  from  1  deg/eec/g  to  10  deg/seo/g. 

_  the  aooelerometrlc  meaaurement  benefits  from  gyro  accuracy  i  for  example,  tho  induced  accelero¬ 
meter  biae  ia  d/b  where  D  la  the  gyro'  drift. 

(6  deg/hr  (1  <T  )  and  1  deg/aeo/g  —a  3.10”^®  (1  (f  )) 

-  the  mass  unbalanced  gyro  induces  a  secondary  effect  t 

aooelerometrlc  measurements  sensitivity  versus  angular  rates,  tlirough  gyro  scale  factor*  errors 
essentially. 

A  SXL  1  alapllfied  error  model  ha*  the  following  matrix  form  i 


where  s 


M 


& 


.  '&  uj  it  the  meaeurement  error  of  to 
■  x,  y,  *j  ' 

.  SY  le  the  measurement  error  of  £ 

.  D  «£dx,  Dy.DxJ  •  system  drift 

,  b  »|bx,  by,  b*2  '  System  acceleroaetrlc  bias. 

Coefficient*  $1J  ere  sensitivity  terns*  The  following  crossed  teraa  appear  t  a  i>.  <0 


where  S  has  the  form 

S  «  £k/» 

with  £k  the  scale  factor  error,  and  0  the  unbalance, 

The  coupling  term  effect  must  be  examined  in  relation  to  the  application  s  in  the  case  of  tactical 
missiles,  the  resulting  acceleration  (load  factor)  t*  clearly  orthogonal  to  the  angular  rate, 
tending  to  cancel  the  coupling  effect. 

For  miaaile  applications,  the  Initial  acceleration,  often  associated  with  a  rolling  turn  (non- 
controlled  miaaile)  remains  i 

tYpical  valuea  :  -  360*  roll  turn 

-  S.10"4  (l  <T  )  £k 
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-  5  deg/sec/g  B 

- ►  coupling  induced  velocity  error  i  0,4  m/sec  at  the  end  of  initial  phase  ;  see  figure  4. 

For  each  application  the  coupling  effect  is  analysed  accurately  with  a  typical  set  of  trajecto¬ 
ries  (matrix  covariance  analysis).  In  most  of  cases  it  appears  that  this  coupling  term  does  not 
degrades  the  system  error  by  much. 

Figure  5  compares  typical  SIL  1  and  SIL  2  system  performances,  with  a  typical  short  range  tacti- 
tical  missile  trajectory  (matrix  covariance  analysis)  ;  the  accuracies  of  components  are  similar  : 


SIL  1 

SIL  2 

Drift 

18  deg/hr  (  iT) 

18  deg/hr  [lTj 

Unbalance 

5  deg/seo/g 

- 

Sb 

9  deg/hr/g  (  IT) 

9  deg/hr/g  (if  ) 

$Kg 

1.10'3  (it) 

1.10*3  (IT) 

&Ka 

- 

1 . 10~3  (1  T  ) 

Sba 

- 

l.lO'f  (l  T ) 

3.2.  Digitization  of  electronics 

Strapdown  inertial  systems  could  only  be  developed  when  microcomputers  appeared  on  the  market  as 
a  large  part  of  gimballed  platform  specific  taskB  (stabilization)  are  performed  by  software. 

Given  the  fast  technological  evolution  of  microelectronics,  SFIN  began  to  orient  development  in 
two  complementary  direction  as  from  197?  ! 

-  to  perform  the  maximum  number  of  system  tasks  by  software, 

-  to  digitize  electronics  as  far  as  possible  using  state  of  the  art  technology. 

These  methods  tend  to  achieve  the  following  main  objectives  : 

-  reductions  in  volume  and  cost, 

-  flexible  system  design  and  evolution, 

-  improvement  in  performances. 

Both  software  and  hardware  aspects  are  examined  successively. 

3.2.1.  -  Software 

The  software  option  chosen  by  SFIM  reaches  beyond  standard  concepts  : 

-  all  the  data  are  digitized  as  closely  as  possible  to  the  sensors  j  gyro  offsets, 
temperatures,  torquer  inputs,  ... 

-  a  single  16-bit  microprocessor  organizes  all  the  system  functions,  for  all  3  gyros 
(multiplexing)  i 

.  date  acquisition  (analog,  discrete,  . ..) 

.  all  3  gyro  servo  loops 

,  Internal  system  outputs 

.  dynamic  behaviour  software  (see  §  3.3.2.) 

.  separation  of  measurements  CO/  H 
.  digital  bus  external  output 
,  compensations 
.  build-in-tests 
.  monitoring,  ... 

As  quoted  above,  the  gyro  servo  loop  is  produced  by  software. 

The  gyro  angular  offsets  are  coded  (12  bits)  and  fed  into  the  16-bit  microprocessor  ; 
after  preliminary  processing  (scaling,  bias,  noise  filtering,  sec  $  3.3.3.)  standard 
aervo  functions  are  perfoitned  -  integral  and  proportional  action,  phase  lead,  specific 
compensator  -  yielding  a  16-bit  precession  value  to  be  qusntizized  (8  or  13  bits  accor¬ 
ding  to  application)  before  hardware  digital/ternary  modulation  decoding  ;  see  figure  6. 

The  gyro  exes  ore  processed  at  the  same  time  (multiplexing). 

The  software  solution  offers  a  lot  a  advantages,  without  any  tangible  draw-back  : 

-  elimination  of  gyro  servo  loop  hardware 

-  high  adaptability  of  design  and  evolution 

-  capability  of  functions  that  is  impossible  using  hardware  technology 

-  the  microprocessor  is  designed  to  proceee  all  the  data  used  for  measurements  end 
sophisticated  processing  (see  J  3,3.). 

Of  course,  in  order  to  implement  nil  these  functions  in  only  ono  mlcroproccasor,  designers 
must  write  the  software  with  grsst  care,  directly  in  assembler  language.  The  most  crucial 
problem  is  to  minimize  occupancy  without  cancelling  good  software  modularity  (for 
reliability  mid  software  quality). 

typical  task  distribution  is  presented  in  figure.  The  software  is  implemented  on  a  powerful 
IS-blt  mlcroprocesor  (INTEL  8066/166/286  or  MOfOHOLA  68000)  with  synchronous  organization 
(3  cyclic  interrupt  levels)  and  80  -  90  %  occupancy. 

3.2.2.  -  Hardware 

Volume  constraints  demands  utilization  of  highly  integrated  electronics  technology  inclu¬ 
ding  : 
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-  Hybridization  of  analog  electronics  (precision,  power)  and  source  digital  functions, 

-  development  of  specific  digital  functions  with  gate  array  circuits  (bipolar  or  CMOS), 

-  'chip  carrier1  mounting  directly  on  board, 

-  multi-layer  flex-rigid- 'one  piece'  -  boards  (no  connectors). 

The  total  electronics  volume  is  about  5  to  10  times  less  than  the  same  functions  with 
discrete  components. 

The  cost  gain  is  noticeable  (50  %)  for  low-level  digital  or  analog  circuits  j  hybridiza¬ 
tion  of  ahalog  electronics  for  precision  or  power  remains  expensive. 

The  figure  7  shows  a  flex-rigid  board  with  hybrid  analog  and  power  circuits. 

3.3.  Dynamic  performances 

Tactical  missile  applications  (especially  short  range  :  air-to-air  j  ground-to-air,  ...)  require 
specific  dynamic  performances  : 

2 

-  high  angular  acceleration  ( >  50.000e/s  ) , 

-high  frequency  angular  rate  output  (>1  KHz)  ;  small  lag  (<1  msec)  ;  high  bandwith  (>150  Hz). 

-  low  noise  level  (  <0.1  %  range). 

The  capabilities  offered  by  total  digitization  of  data,  and  by  computerization  of  the  system,  solve 
these  problems  without  an y  supplementary  hardware  and  often  without  solution  suitable  for  an 
equivalent  function). 

3.3.1.  Sustained  angular  acceleration 

One  problem  to  be  taken  into  account  concerns  the  synchronous  spin  motor  (hysteresis  or 
permanent  maquet).  It  ia  well  known  that  a  synchronous  motor  : 

-  con  lose  running  speed  under  the  effect  of  strong  angular  acceleration  along  the  rotation 
axis  (inertial  effet  of  the  rotating  mass), 

-  oscillate  naturally  under  the  effect  of  unwanted  torques  or  dynamic  perturbations. 

Digital  control  electronics  for  the  rotating  magnetic  field,  which  are  monitored  by  the 
mioroproeeseor,  servo  the  phase  of  the  rotating  field,  thus  providing  electronic  damping. 

A  wheel  angular  position  signal  ia  used  (1  pulse  per  cycle,  together  with  angular  accelera¬ 
tion  data  from  the  other  gyros,  providing  a  physical  phase  lead  which  strongly  improves  the 
angular  acceleration  capability. 

Thin  system,  associated  with  a  discrete  overvoltage  control  (also  managed  by  software), 
achieves  lOQ.OOOVa*  before  running  speed  loss,  for  static  con  uaption  of  approximative!* 

1  V  t  see  dynamic  response  example  firur*  9. 

3*3*2*  High  bandwith 

The  16-bit  microprocessor  loops  all  3  gyros  by  software  t  it  therefore  has  available  all 
the  data  required  to  estimate  angular  rate  input  to  each  gyro  t  torquer  outputs,  gyro 
offset,  internal  states. 

SKIM  has  completed  on  observation  algorithm  (resulting  from  the  observjg^ theory  In  advanced 
automaticeL  which  restores  the  Input  to  e  *{iyex,  tiMy,  tpes^  *  as  toy,  with  a  transfer 
function  Uj  a/  au  e,  close  to  a  pure  delay  j  see  figure  10, 

Indeed,  it  appears  that  the  state  vector  repmsntlg  both  frequency,  out  of  an  area  around 
nutation  frequency  (fn  *  10*)  ;  see  figure  U. 

The  loop  together  with  the  restoration  algorithm  is  optimized  to  give  an  algorithm  usable 
by  s  microprocessor. 

In  this  way  the  following  two  functions  are  completely  disconnected  t 

-  the  gyro  loop  transfer  function,  which  gives  dynamic  limitations  and  affects  accuracy, 

-  the  digital  output  transfer  function,  resulting  from  a  software  restoration  algorithm, 

from  a  practical  point  of  view,  It  is  possible  to  lower  the  Spin  motor  speed,  in  order  to 
sustain  S  higher  precession  rets  capability  at  the  same  time  limiting  the  output  data 
bandwith. 

It  la  obvious  that  such  a  concept  can  only  be  achieved  with  a  software  gyro  loop. 

3.3.3.  Noise  level 

One  drawback  of  observation  algorithm  la  the  Increase  in  noise  level  t  much  care  is  there¬ 
fore  taken  at  hardware  and  software  levels  to  achieve  the  0.1  t  range  objective  s 

-  12  bits  resolution  tut  input  (gyro  angle  offset)  and  on  output  ( torque  re) , 

-  many  precautions  on  software  quantisation  errors, 

-IN*  harmonics  noise  rejection  (typical  noise  of  DTP,  an  QAM  1  C). 

The  last  point  uses  i 

-  the  deterministic  nature  of  title  noise  (leading  to  a  time  model  lints  on), 

-  the  wheel  position  pulse,  already  used  for  the  phase  loop  for  the  spin  motor  magnetic 
field. 

-  It  appears  that  the  residual  noise  on  the  digital  output  to  a  la  approximated  by  the 
derivative  of  filtered  white  noise,  as  : 


... _ JlL- 
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k  co  n  =  A  '  b  (u  n-1  *  (1  "  A  ),b'  OJ  n 

b'o;  „  =  bbn  "  V 
bb  =  digital  white  noise. 

4  -  RESULTS 

As  announced  in  the  introduction,  all  SFIM  atrapdown  inertial  systems  are  designed  around  2  inertial 
reference  models  : 

-  SIL  2  :  2  non-unbalanced  GAM  1  gyros  and  3  Of lex  accelerometers. 

-  SIL  1  :  3  non-unbalanced  GAM  1  G,  utilizing  the  general  concepts  described  above. 

The  SIL  1  strapdown  -inertial  reference  system  ia  used  in  80  %  of  applications  currently  being 
researched  or  developed  at  SFIM. 

A  typical  SIL  1  inertial  reference  system  for  air-to-air  tactical  missiles  can  be  described  by 
synthesizing  current  research  and  development  s 

-  10°/hr  class  i  1.10-3  g  (1  <T  ), 

-  500c/sec  IX)  ;  lS0«/sec  (YZ), 

50.000°Ai  (X)  40  g  (XYZ) , 

-  volume  <Cl.5  liters, 

digital  outputs  on  MIL  1553  8  bus 

(  y? 500  Hz  output  frequency),  common  to  all  3  functions  :  guidance,  control,  stabilization. 

See  figure  12  (simplified  technical  data  sheet),  and  figures  13  an  14 (dimensions). 

This  system  contains  i 

-  3  GAN  1  G  rate  gyros  (see  description  above),  mounted  on  a  mechanical  block. 

-  a  single  -chip  80186  microprocessor,  with  8K  PROM,  2K  E EPROM  and  2K  RAM. 

-  some  ‘gate  arrays’  circuits  for  specific  digital  functions  (Buch  as  clocks)  and  some  standard  functions 
mounted  with  chip  carriers,  directly  on  the  board, 

-  I/O  MIL  1553  8  bus  circuits, 

-  hosting  circuits. 

-  power  supply,  using  a  non-regulated  27  V  DC  supply. 

-  a  mechanical  case. 

Figure  15  shows  the  positioning  of  the  gyro  axis. 

Figure  16  is  s  schematic  diagram  shewing  the  various  data. 

Figure  17  shows  the  real  tiae  organisation  of  software  tasks. 

Motes  i 

-.On  figure  16,  the  mlcr«proc#u*or-«unip*ex»d  gyro  loop,  together  with  the  digital  spin  motor  control, 
con  be  seen, 

-  the  torquer  control  ia  ternary  pulse  width  modulation. 

-  the  45  degrees  gyro  axis  positioning  provides  improved  dynamics  along  the  roll  axis  which  always 
distinctive  on  a  missile. 

-real-time  software  organisation  (with  sampling  of  live  presented  gyro  offset  angles)  is  optimised  for 
the  gyro  loops  end  to  reduce  the  delay  or,  the  digital  output. 

The  volume  of  this  typical  inertial  reference  system  is  .1.8  liters,  distributed  as  follows  s 

-  sensors  *  block  t  D.3  1. 

-  electronics  i  0,6.  1. 

-  power  supply  :  0,4.  1. 

-  case  *  connections  i  0.2.  1, 

5  -  COMC),OS»W 

The  OIL  l  etrapdhvn  inertial  reference  system  presented  in  this  paper  is  the  center  of  most  SFSN  eye  terns 
currently  undergoing  development. 

Since  1977,  SFIM  has  devoted  all  ite  efforts  to  decreasing  cost  and  volume  ;  and  by  now,  an  inertial 
reference  eystsm  -close  lOVhr,  1.10  ,  SDO'/sse  -  in  a  typical  1.5  liters  voluae  is  obtained  without 
difficulties. 

This  fully  digitised  job-oriented  inertial  reference  system  has  a  multifunction  capability, 
extension  to  more  complex  systems  is  easy  : 

-systems  for  short  tern  self-contained  guidance  and  control  (attitude, reiocity,  position)  (no  volume 
increase  (use  of  software  functions). 

-  attitude  and  heading  reference,  with  external  heading  reference  ;  no  voliste  increase  (supplementary 
software  functions). 

-hybrid  navigation  system  for  helicopters  (with  doppicr,  bare,  magnetic  reference)  :  STIK.1  system, 
presently  under  development. 

-  guidance,  control  ond  monitoring  system  for  torpedoes. 

in  1981,  SFIM  won  a  contract  to  the  entire  guidance,  control  am)  monitoring  system  for  the  new  French 
light  torpedo  :  CAP STOLE  system  ;  the  inertial  reference  ays ten  ordered  uses  maas-unbalanced  gyro#  and 
fully  digitised  electronic*. 


Figure  18  presents  the  main  systems  in  current  development  at  SFIM  ;  the  reduction  in  volume  obtained 
over  a  few  years  is  outlined. 

It  appears  that  the  mechanical  gyro  -  such  as  the  SFIM  GAM  DTG  -  is  a  increasingly  important  path  to 
follow,  because  the  sensitivity  to  acceleration  -  when  correctly  utilized  -  is  an  obious  advantage. 

The  advantage  is  also  apparent  as  a  mass-unbalanced  gyro  provides  redundancy  for  both  rate-gyro  an 
accelerometer  data. 

Progress  in  this  technology  will  be  made  by  reducing  the  volume  of  the  rotatinf  parts,  thus  decreasing 
consumption  ;  a  very  large  gain  in  power  supply  and  electronics  is  then  expected,  together  with  even 
more  highly  digitized  electronics. 


SECOND  PART  :  LRBA 


1  -  INTRODUCTION 


In  the  context  of  the  general  guidance  developments  ofr  future  missiles,  functional  model  LRBA  has  boen 
led  to  evaluate  the  first  inertial  reference  using  mass-unbalance  rate  gyros  developed  for  inertial 
pre-guidance,  flight  control,  and  stabilization  of  a  missile  homing  head. 


The  proposed  system  represents  a  new  solution  to  the  problem  posed  by  supplying  simultaneously  the  data 
required  for  guidance,  flight  control  and  stabilization,  and  by  using  for  this  purpose  a  reference  with 
strap-down  inertial  components  (inertial  reference)  in  which  the  accelerometer  function  is  obtained  by 
axial  mass-unbalancing  of  this  spin  wheel  Of  3  tuned  dynamic  suspension  gyros  which  make  up  the  sensor 


$e  concept  of  a  mass-unbalanced  rate  gyro  should  normally  have  led  to  a  re-examination  of  the  various 
methods  and  models  used  to  evaluate  these  systems.  In  addition,  as  the  range  within  rhich  input  values 
vary  tends  to  widen  for  higher  speeds  and  angular  and  linear  accelerations,  the  problem  of  adapting  teat 
systems  is  presented  and  has  remained  partially  unsolved. 


This  problc-n  of  evaluation  is  approached  here  simply  us  the  aspect  of  the  static  characterization  of  the 
sensor  and  the  inertial  reference,  i.e.  the  aspect  of  mod' '  Ization  and  estimation  of  the  coefficients  of 
models  for  inputs  with  constant  angular  speed  end  linear  acceleration.  In  addition,  this  characterization 
applies  to  preliminary  equipments  which  do  not  include  all  the  results  of  past  and  present  development. 

Of  course  strean  la  placed  on  aspects  of  testing  associated  with  the  principle  of  the  maae-un balanced 
rate  gyro. 


2  -  SYSTEMS  EVALUATED 

The  teats  were  performed  initially  on  a  SFIM  OAM  1  03  tuned  suspension  mass-unbalanced  rate  gyro  which, 
as  far  se  the  gyroscope  only  Is  concerned,  is  representative  of  what  the  prototype  rate  gyro  could  be. 
i.e.  excluding  the  rate-gyro  loop  and  >ther  specific  devices  associated  with  implementation  in  the 
inertial  reference  system,  such  as  Heating  and  power  supplies,  and  the  mechanical  interface  and  thermal 

wrwlroivuent. 

Tits  rate  gyro  ia  aervoed  by  a  laboratory  d.@>  control  loop, 

Then  testa  were  undertaken  on  a  SFIM  1M-M02  inertial  reference  which  ia  supposed  to  be  representative 
for  the  intended  performances,  except  for  the  following  points  i 

«  dimensions  (only  the  sensor  block  is  representative  of  tlw#  prototypal 
*  resistance  to  temperature  (limited  to  20*C  -  2*C} 

-  resistance  to  vibrations 

-  certain  utilization  .ondlilons 

-  eloctirca!  and  mechanical  interfaces 

-  dynamic  performances  :  transfer  function  and  noise  on  the  outputs. 

The  functional  node!  race  pre-heating  fur  a  minimus  period  of  12  minutes.  This  temperature  is  maintained 
during  the  teste. 

All  the  measurements  are  made  in  “degraded"  or  “operational”  mode  (at  earliest  IP  sec.  after  switch-on) 
on  the  angular  velocity  and  linear  accelerations  functional  outputs  which  are  supplied  through  a  bus 
lifts  in  a  digital  form  In  a  reference  trihedral  related  to  the  Inertial  Reference  unit. 

The  performance  level  achieved  by  a  strap-down  system  largely  depends  on  knowledge  of  the  error  models 
and  the  ftfror  compensations  cade. 

the  stability  of  the  terms  in  the  error  model.  Sims  reflects  the  ultimate  performances  of  the  ssyetem, 
which  can  however  only  be  achieved  after  more  or  less  complex  research  and  calibrations.  It  is  therefore 
important  to  specify  the  type. of  compensation  made.  For  this  model  there  ore  the  following  posaibilitee: 

-  compensation  of  scale  factor  error  an  the  torquera, 

-  compensation  of  misalignment  between  torque r»  and  spin  axis, 

-  compensation  of  anieoliwrttal  drift, 

-  thermal  compensation  of  torquer  scale  factors,  * 

-  compensation  of  drift  farms  :  torques  independent  of  g  and  proportional  to  g  and  g  , 

-  thermal  compensations  of  torque  Independent  of  g  and  of  the  axial  mass-unbalance  on  the  moss-unbalanced 
rate  gyros, 

-  compensation  of  linearity  error  an  the  torquer*. 

These  compensations  ore  mode  at  a  maximum  frequency  of  93  Hi  for  the  both  guidance  and  control  functions. 

3  -  MEASUREMENT  SYSTEMS!  t»SCP 

The  restrictive  operating  conditions  on  the  functional  model  under  evaluation  limit  the  teste  to  chose 
that  can  be  performed  in  the  laboratory  in  a  regulated  environment  (20’C  *  i*c)  on  a  CCER2  52  M2  2-axis 
simulator  driven  by  a  commercial  computer  which  performs  the  simulator  attitude  end  syetom  output  acqui¬ 
sition  functions,  controls  the  axes,  and  performs  processing. 
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The  analog  outputs  from  the  rate  gyro  loops  are  converted  using  voltage/frequency  converters  working 
on  pulses  counted  by  the  computer. 

The  incremental  digital  outputs  from  the  inertial  reference  system  are  read  out  by  the  computer  at  a 
typical  frequency  of  1/36  S_  . 

The  next  paragraphs  give  systems  representative  models,  with  the  following  symbols  : 

X  :  scalar 
X  :  vector 
|Xf  matrix 

jX|  :  transposed  matrix  of  X  fc 

-O-  :  applied  angular  rate  vector,  fc,tfy,U)z)‘ 

A  :  applied  acceleration  vector  ;  (ax,  ay,  am) 

:  estimated  angular  rate  vector 
"S'  :  estimated  acceleration  vector  ^ 

A-h- :  estimated  angular  rate  error  vector  ;  A.  -  -B: 

&  A  :  estimated  acceleration  error  vector  ;  A  -  A 

JXi j  :  residual  compensation  error  for  the  error  terne  X,  i  (X,  Y  or  Z)  axis,  j  (1,2  or  3)  gyro 

JSij  :  residual  calibration  error  for  the  torquer  scale  factor 

Var  (X)  :  X  parameter  variance 

Var  (X)  :  X  vector  covariance  matrix 

H  :  angular  momentum 

(C-A)/H  :  anisoinertia  terms  (also  noted  J; 

B  :  wheel  axial  mass  unbalance 
P,V  :  crossed  unbalance  terms 
E,D  :  anisoelasticity 
P  ;  unwanted,  fixed  torque 
J  :  torquers  axis  misalignment 
<>\  :  spin  misalignment 

4  -  DETERMINISTIC  ERROR  MODEL 


4.1.  Static  model  of  the  masB-unbalanced  rate  gyro 

The  equation  below  expresses  the  torques  according  to  the  angular  rates  and  accelerations  applied 
to  the  rate  gyro  along  axies  X,  Y  and  Z  : 

-  MY  =  (1  +  £sx).(  60  x  +  B.  ax)  +  C-A  .  OJ  x  .  CO  z  -  (X  y»(  CO  z  +  B.az) 

H 

+  J  x.(  Cu  y  +  B.ay)  +  (y 

-  MX  =  (1  +  <i  Sy)„(  UJ  y  +  B.ay)  +  C^A  .  Cu  y.  OJ  z  +  X  X»(  OJ  z  +  B.az) 

H 


-  jT  y.(  UJ  x  +  B.ax)  -  T  x  Eq>  41> 

In  this  equation  the  torques  f  are  a  function  of  the  acceleration  applied  ; 

P  x  =  P  bx  +  Vx.az  +  P.a-  -  (D.ay  -  E.ax).az  _  .  „ 

Py  =  P  by  +  Vz.cz  +  P.ay  -  (D.ax  +  E.ay)»az  q’  * 

(the  terra',  used  are  defined  in  the  list  of  symbols) 

The  special  features  of  the  mass-unbalanced  rate  gyro  appear  in  the  following  error  terms  ; 

*  Ssx.  B.  ax,  Ssy.B.ay  :  error  due  to  torquers  scale  factors 

*  S.B.  ay,  J  y  .B.ax  and  o( y.B.  az  oCx  .B.az  :  errors  due  to  misalignments. 

After  comoensation,  the  precedings  equations  are  modified  to  represent  residual  compensation  errors. 
The  symbol  &  designates  the  residual  compensation  errors  for  error  terms. 
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Eq.  4.3. 


where  B  is  the  nominal  value  of  the  spinwheul  unbalanoe. 
If  we  take 


M 


Equation  4.3.  becomes 


-Ky/« 

AM  X 

Mx/H 

/V*  y 

Cu  X  +■  8  *  Cl  X 

Cu  y  +  fi.  <iy 


or 


[4  —  ./o  f  3 .  A  f  Cs. 


Eq.  4.4. 


I  'VW  y 

M  i  rate  gyro  outputs 
It  and  A  :  inputs 
B  :  nominal  mass  unbalance 
A  i  error  vector 

Equation  4.4.  is  that  for  the  mass-unbalance  rate  gyro  after  error  compensation.  The  residual  error 
4  contains  the  changes  on  coefficients  with  respect  to  their  calibration  values. 
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These  changes  depend  on  time  and  on  operating,  utilization,  and  environmental  conditions. 

The  main  error  caused  by  environment  is  that  due  to  ambient  temperature  T  and  to  its  influence  on 
terms  f*  ,  B  and  &  S  i 

•  srT  =  rTw 

Sbt  =  Bt  (T) 

$ST  =  ST  (T) 

where  Py,  B?  and  are  the  sensitivities  to  temperature,  reduced  as  a  first  appromisation  to 
linear  functions  of  T. 

After  thermal  compensation,  the  residual  temperature  error  is  theoretically  random  and  is  included 
in  terms  &  B ,  and  $  S . 

The  non-unbalanced  rate  gyro  equation,  after  error  compensation,  is  obtained  by  cancelling  term  B 
in  equation  4.4,  : 

M  =  ~Q~  +  A  Eq.  4.6. 

4.2.  Static  model  of  the  Inertial  reference  with  the  mass-unbalanced  rate  gyros 

The  two  rate  gyros  are  arranged  in  an  Inertial  Reference  system  as  defined  in  figure  19  Rotations 
in  pitch  and  yaw  are  measured  by  a  non-unbalanced  rate  gyro  with  its  spin  axis  parallel  to  the 
roll  axis.  The  other  4  parameters  (rotation  in  roll  and  3  accelerations)  are  measured  by  2  mass- 
unbalanced  rate  gyros  on  the  spin  axes  which  are  oriented  in  pitch  and  yaw). 

Data  are  separated  by  resolving  the  system  of  equations  obtained  below,  applying  equation  4.4.  to 
the  3  rate  gyros  (indexed  1,  2  and  3  for  roll,  yaw,  and  pitch  respectively)  : 

/*»*<  a  -  VT/2  .  ((Oy  +  Co%i  1 

An  y  t  —  —  VT/i  .  (<oy-  bv*/  +  Syt 

4M xi  »  VX/2.  *  ( In x-  y)  +  VI/1 ,  8 .  [  A x  -  Ay^  +  4  X  i 

i«yi  =  -  Vi/z  .  (  A>*  f  U>yj  -  Vt/l,  S.  (A*+  Ay)  4  Sy  i 

i^xj  =  -  vr/i.  *  -&*■)  +  yt/i.  s.  (a»-  a%)  s  xi 

ittp  S  VI/ 1  +  -  Vt/Z.B,  (A  *  +  **)  +  $y  j 

Nota  i  .  B1  ■»  0  ;  B2  =  -  B3  =  B  >  0 

.  Xi,  Yi,  Zi  i  trihedral  related  to  rate  gyro  i  s  1  to  3 
.  X,  Y,  2  i  trihedral  related  to  inertial  reference. 


.  The  8ingle  solution  to  system  4,7  is  used  to  define  the  errors  (  A -ft.  and  A  A)  on  the  outputs 
by  !  a  #  ~  •  A  A  =  A  -A 

Su.*  »  »  [JSXj.  - &y«.)- (JXi-SYtj] 

A  -A-  s  4  toy  =  VI/l .  jl  Cy*  -  &Xi] 

»  VI/2,  £iyt  -  SXtJ 

8  .  Sy^-ir  ( -  Sy  k)J 

&  A  -a  Sfty  a  V*/ 2.  &  ,  'Q  JXt*4  (4Yl  +  Sjfijfj 

4a»  »  V*/a.6,  Q  Sy*  -Sxt)-  (4'j(»+SyijJ  8t|)  4. a 

Equation  4.0  shows  that  the  angular  rate  and  acceleration  errors  are  of  the  same  type. 

The  figure  20  gives  the  expression  of  error  vectors  end  A  A  according  to  residual 

compensation  errors  for  the  term*  of  each  rate  gyro  defined  in  equation  4.3. 

The  general  expression  for  these  error  vectors  ic  as  follows  i 

U  -  D.  *|K|.  A  A+|E|4AUA 

6A  s  Ao  +|S|.Af  |tH|.|A|.A  +|h|.  A  +/rt/.}AU  Eqi  4i9# 


In  ths  expression  t 
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The  general  form  of  matricee  I**), ITj^ |g  |<5)yU-H^ (My/V) 

la  given  in  figure  20  and  the  physical  origin  of  there  matrices  is  as  follows  i 


Error  model  of  the  inertial  reference 
(eq.  4.9.) 


Kii  i  angular  rate  direct  acale  factor 


Mil  i  acceleration  acale  factor 


Oyro  compensation  error  (eq.  4.4.) 

( 


•  4sY(  ♦  &SX^i  scale  factor  torquera 

(variation  in  the  magnetic  Induction  of  the 
ring  of  magnets  in  the  splnwheel) 

'  y C  -  4JXi  i  orthogonality  of  the 

torquera  action  llnea 


*  os  above  (Kii)  j  plus 


*  £  B ;  -  $  Bj  :  compensation  error  on 

the  spinwheel  unbalance  masses. 


Kij  :  angular  rate  transverse  scale  factor 


Mij  acceleration  transverse  scale  factor 


I  B^,  j  static  coupling 
j  E1>  j  angular*  rate  x/acceleration 


j  Bi,  j  static  coupling 
J  Ei,j  i  a  2  and  3  angular  rate  Y  and  Z/acce- 
I  leration 

j  Gij  static  coupling  acoeleration/angular 
.  rate 


IJij  !  drxft  proportional  to  tv' 

I- - - ~ 

INij  :  bias  proportional  to  a 


IDOi  and  AOi  :  eonatnnt  drift  and  bias 


*  $Sy;  -  Ssxi  : 

error  in  the  torquer  scale  factors  (mainly 
connected  with  electronics) 

*  ijYi  +  iJXi  :  misalignment  of  the  gyro 
around  the  spin  axis 

*  &  (<  :  misalignment  of  the  spin  axis. 

*  as  above  (Kij  (i  /  j))  plus 

*  ^  P  and  <£  V  :  normalized  terms  P  and  V 

B  B 

*  5.  .  &.S  !  torquer  scale-factors 

4 

*  B  ,  o  _J  :  misalignment  of  the  torquers 

4  action  lines 

*  B  .  Sot  :  misalignment  of  the  spin  axis 
4 

*  $B,  ip,  <Jv,  <S  E  and  o  D  :  terms  for  the 
2  mass -unbalanced gyros. 

«  £  andSoi  terms  for  gyro 

with  no  mass  unbalance 

*  _£_£>  S  J  and  So< 

SB  8 

*  S  J  aniao-inertia 

~~W~  _ 

*  ■*>  J  :  aniso-inertia 


*  SB  :  anisoelasticity 

*  A>r  b  :  fixed  torques 


The  distribution  of  errors  shows  that  -  with  respect  to  a  standard  rate-gyro  sensor  block  - 
the  speed  output  includes  extra  static  coupling  terms  (on  the  X  axis  only)  which  does  not  really 
modify  the  structure  of  the  model. 

5  -  STATISTICAL  KiUiOR  MODEL 

Wien  the  state  model  parameters  have  been  determined  by  the  appropriate  teats  as  described  in  the 
previous  chapter,  the  following  deduction  can  bo  made  i 

-  the  modelUation  residual  in  each  teat, 

-  the  variations  in  the  model  parameters. 

Using  Die  model  from  equation  4,8,  and  the  compensation  given  on  the  figure  20,  we  can  deduce  that  i 

Vrtr  (  i  to  A )  b  C3 

V«t «•(&■/!.)  a  °  VarlSuiy]  tovlWu  Ww 

®  toV  SD>y)  VAt*Uwf| 

In  particular,  for  cone  taut  £1  and  A  this  gives  i  ®‘i* 

V<t»-(Suv^  a  ibn*’,  b  toy*1,  Vtv,-^ K^'y J  v  (et1,  V'rtrfk^} 

b*  Ax1.  -bAy1.  Vn*-(Sjyj  tavL.  Var(Bjt)  Eq.  5.2. 

4-  »  .  Let  x  .  b  tox.  .  VSif  (  J4’ j 

f  ft  *.¥<**-  (<?,'*)  V«r(e}‘y)  4.yab(&<4) 

On  theother  hand  Die  expression  for  variance  of  acceleration  lw  general  i 

t« v  to v ^ iSc in t j 

YAV*(£l_A)  i  t*v  (  So  *  j  VovCliayj  c«  v  (  Kc  y.  ■>*«  t~)  3*3* 

i*v  (S(A>(4>XAj  tuy  ^  So  e#  S<»  vnv^rt?) 

The  variance  of  each  parameter  is  compoood  of  variances  depending  on  time  ami  temperature  according  to 
the  basic  variances  defined  below  t 

<T  i  variance  during  continuous  operation,  as  a  function  of  time 
fj”  rl  i  variance  characterising  Uie  short-term  "run- to-run"  repeat ibllity 
<T'?^  s  iong-tem  variance 

2  i  variance  ha  «  function  of  ambient  temperature  T 
j  variance  induced  by  Warning  up  on  starting 
i  no  lee  on  Dm  measurement  (mode  11  cat  ion  residual) 

Total  various,  including  all  operating  conditions,  ie  the  following  eua  ; 

“  <Ta  *  T*-  *  'J  f  ♦  Tr  *  ♦  Tk  Eq.  Q«4* 

which  aeone  Die  error*  defined  in  this  way  ore  Independent. 
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The  list  of  basic  variances  is  not  limitative. 
IDENTIFICATION  OF  THE  MODEL 


6.1.  Types  of  teats 

Two  types  of  teats  are  used  : 

-  tests  at  rest,  warming-up  tests,  and  multi-position  tests.  These  tests  are  sensitive  to  the 
constant  terms  and  to  the  terms  depending  on  acceleration. 

-  rotation  tests,  which  are  sensitive  to  terms  depending  on  angular  rate.  Laboratory  tests  limited 
to  -  1  g  cannot  identify  the  acceleration  model  accurately  enough. 

Other  tests  are  then  required  to  validate  the  results  obtained  on  1  g  : 

.  centrifuge  tests 
.  tests  on  sinusoidal  table 
.  vibration  tests. 

5.2.  Tests  at  rest 

6.2.1.  Warming  up-tests 

These  tests  consist  in  measuring  the  outputs  during  the  transitory  operating  mode  obtained 
by  setting  the  system  into  operation.  For  the  air-to-air  missile  application  this  transito¬ 
ry  phase  is  the  functional  operating  phase.  Given  the  non-stationary  character  of  this  pha¬ 
se,  it  is  not  possible  to  conduct  all  the  tests  required  for  identification  during  this 
phase.  Therefore  the  only  measurements  made  are  on  the  changes  in  outputs  M  (mx  and  my,  from 
the  rate  gyro)  or  and  A  (from  the  inertial  reference  system)  for  oonstant  inputs 

obtained  in  the  following  3  fixed  positions  : 

POSITION 

X  Vertical  -  Zenith 
Y  Vertical  -  Nadir 
Z  Vertical  -  Zenith 

These  functions  are  sensitive  to  ! 

-  the  constant  terms 

-  the  terms  that  are  proportional  to  acceleration 

-  for  a  very  small  part  the  terms  that  are  proportional 
to  JT~  s.  JX earth) 

and  are  not  sensitive  to  terms  of  anieo-elaaticity  and  aniso-inertia. 

In  parallel  to  the  rate  gyro  measurement*  mx  and  my,  the  internal  temperature  of  the  rate 
gyro  is  recorded. 

The  figure  21  presents  an  example  of  the  resulting  drift  (Sib  1  N  KOI  Z  nadir). 

a)  Rate  gyro 

-Drift  variatione  during  the  run-up  of  this  type  of  rate  are  relatively  largo  (up  to  60«/h) 
but  la  never  worsened  by  the  presence  of  an  axial  aplnwheel  unbalance. 

-Drift  variations  aro  not  effectively  compensated  by  static  thermal  compensation,  which 
confirms  the  requirement  for  dynamic  comapnaation.  Transient  phenomenons  have,  for  exam¬ 
ple,  the  following  form  s 

Poe.  X  vertical 

JSfux  *  lbVh.U  -  ax  -180  a 

Sivy  -  60Vh.U  -  t  'S1  )  Cy  -  210  a 

-  The  transient  thermal  dynamics  depend  on  th«  mechanical  interface  with  the  rate  gyro. 

Two  types  of  mechanical  mount  have  been  used. 

b)  Inertial  reference  system 

-  the  performances  in  oontinous  operating  mode  over  a  test  period  occurlng  6  moo the 
after  calibration  of  the  inertial  reference  system  are  as  follows  t 


1  Performances  In  continuous 

I  operating  mode  (1  <T  ) 

1  Unite 

!*/h  i 

.  • 

io-4“ 

1 

1 

Basic  errors 

(i  <r  ) 

1  Random  drift  during  continuous  operation 

I  over  1  hour  after  stabilisation 

1  filtering  i  36  s 

!  ; 

•  i 

-t . *. 

1.3 

1 

1 

I 

<r« 

1  Short-term  repeat ihllity  betwen  startings 

1  (stabilised  drift) 

» a  ! 

'  » 

8 

1 

t 

(<sv2  ♦  <r,¥ 

t  Long-term  repeatlbUlty 

1  39  ! 

1  1 

62 

! 

1 

The  transient  operating  Bod*  on  the  Inertial  reference 
system  outputs  la  characterised  by  ! 
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One  example  of  warm-up  showing  the  6  outputs  is  presented  figure  22. 

6.2.2.  Multiposition  tests 

The  purpose  of  these  tests  is  to  determine  the  values  of  the  coefficients  of  the  error 
model  composed  of  the  following  terms  : 

-  terms  independent  of  g  2 

-  terms  proportional  to  g  and  to  g 

-  thermal  sensitivity  of  these  coefficients  defined  in  equations  4.6  and  4.9  for  the  rate 
gyro  adn  the  inertial  reference  system  respectively. 

Tne  thermal  sensitivity  could  only  be  evaluated  on  the  rate  gyro,  i.e.  on  coefficients 
without  temperature  compensation. 

The  procedure  consists  in  measuring  the  outputs  (M  or  A  -A.  and  A  A)  in  20  positions  in 
continuous  operating  mode,  and  in  estimating  the  values  of  the  model  coefficients,  and  their 
uncertainties,  by  the  generalized  least  squares  method  : 

A_  =  (aij|  ,  X  +  Eq.  6.1. 

whore  A  a  error  vector 


a)  rate  gyro  (eq.  4.6.)  =  A  =  M  -  JX 

b)  inertial  ref.  (eq.  4.9.)  =  _A_  »  A  A  and  A  A 

|aij|a  accelerations  matrix 
X  =<  unknown  vector 
£  «>  noise 

The  solution  to  oq.  1  is  : 

X  *  jjaijj*  .  ( aijjJ”  Eq.  6,2. 

vox  (X)  r  q-2.Jjaijf  c  .  |aij|J  "l  Eq.  6.3. 

where  is  the  variance  of  the  measurement  noise.  estimated  from  the  modelization  real- 

dual. 

a)  Rate  gyro 

X  -  £Pbx,  f  by,  $Sx,6t®  .  <isy.  B>  +  B  ,  P  ♦  J"x .  B, 

P  -  Jy.8,  Vy  -  tfy.B,  -Vx  ♦  0<x  *  &  ,  E.  £>J  t  Eq  04- 

The  sensitivity  with  respect  to  temperature  is  obtained  by  determining  X  (*q.  0.4.) 
at  20,  40  and  60®  C  ambient  temperature  (T).  ” 

As  terms  et  x,  y,  (Sy  are  determined  by  rotation  teats,  equation  6.4.  can 

be  reduced  to  i  *  ft  > 

X  «[PbX,  PbY,  8,  P,  Vx,  Vy,  E,  l)j  *  Eq,  0.7. 

b)  H.l. 

Angular  rate  i 

X  «  £dxo.  Bxx,  Bxy,  Uxx,  Exx,  Exy,  Ex*.  Uyo,  Byx,  By*,  Eyy,  Ey»,  Dae,  BxxJ  '•  Sq.  6.6. 
Acceleration  t 

X  x  [_Axo,  Hxx,  Mxy ,  Mxx,  Nxx,  Nxy,  Aye,  Myx,  Myy,  Mya,  Nyy,  Nya,  Azo,  Hxx,  Nzy.NzzJ 

Eq.  6.6. 

Results  t 

a)  Rate  gyro  (without  coapewtation) 


Coefficient 

TZ 

(’by 

5> 

6 

V*  -  l*  X.B 
Vy  -  y.B 
£ 

0 


Mean  value 


-  G$Vh 

-  39  */h 

-  4  ®/h/« 
6038  Vh/g 

-  13  Vh/fi 

-  27  ®/h/g  . 

-  0.2  »/h/8; 

-  0.6  ®/h !£' 


uncertainty 


0.7  */h 
0.7  ®/h 
1.0  */h/g 
1.0  */U/g 
0.9  */h/g 
0.9  »/h/g_ 
2.1  ®/h /g% 
2.1.  •fU/ft 


Sensitivity  to  temperature  T  1 
(20  -  80*  C) 

2.26  •/■«/* C  ! 

-  1.48  Vk/*C 
o.os  ®/k/«/*c 

0.09  */k/g/*C  J 

0.05  ®/k/g/*C  ! 

O.OS  */k/g4*C 
0.01  ®/h/g‘7“C 
0.01  •/h/aV^C 


!  Performances  in  thermal  transient 

1 

!  UNITS 

!  °/h  > 

.  [ 

10  g 

!  Basic  errors  ! 

!  ! 

! Variation  between  the  1st  measurement  and 
(after  30  mins  (peak  value) 

;  so  : 

!  i 

90 

j  Sa  m  j 

4  ’>  V 

i 

jShort-term  repeatability  on  the  first 
.measurement  (t  =  10  s  to  t  -  10  +  3Cb) 

!  5-  ! 

IZ 

1  (  tfv-2  +  +  (T*2>*  1 

t,,*. 

!  • 


K  • 


I  • 


I  • 


t  • 


•  • 
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.  Coefficient 

.Short-term  repeatability 

!  (T  =  20°  C  i  1°  C)  ! 

!rb 

!  8Vh 

!  1 

B 

1.7  °/h/g 

basic  errors  ] 

P 

0.4  °/h/g 

V 

1.3  °/h/g„ 

0.2  Vh/gp 

*  statistical  error  <Tr  . 

E 

.*  deterministic  error  :  . 

D 

;  0.2  Vh/g2 

! 

1 

.  influence  of  tempera-  . 

.  ture  T  (without  compen-. 

.  sation  . 

Terms  P  ,  P,  B  and  V  are  determined  with  sufficient  accuracy  for  the  values  obtained  to 
be  significant,  and  consitute  a  validation  of  the  model  in  the  -  1  g  range.  Terms  E  and 
D  are  not  estimated  with  sufficient  accuracy.  Vibration  tests  are  normally  used  in  order 
to  estimate  these  parameters  more  accurately. 

Short-term  repeatability  includes  variations  on  coefficients  due  to  ambient  temperature, 
caused  by  : 

-  the  sensitivity  of  the  actual  terms  to  temperature  n»  ,Tby  and  for  a  lesser  part  B 

—4 

-  the  sensitivity  to  temperature  (4.10  /°C)  of  the  torquers  scale  factor  :  estimation 
error  of  term  B  (of.  §  6.3.). 

b)  Inertial  Reference 

The  results  of  identification  of  angular  rate  model  (equation  6.5.)  and  the  accele¬ 
ration  model  (equation  6,6.)  are  illustrated  by  the  example  given  in  figure  whioh 
provide  a  matricial  representation  of  the  following  : 

-  the  model 

-  the  estimated  values  of  the  coefficients  of  the  model 

-  the  uncertainty  of  the  coefficients 

and  the  "sigma"  modelization  residual. 

p 

The  angular  rate  terms  are  expressed  as  °/h  ,  °/h/g,  and  °/h/g  . 

-4—4  —4  2 

The  acceleration  terms  are  expressed  in  10  g  .  10  g/g  and  10  /g/g  . 

Note  i  The  symbol  •  marking  parameters  Exz  and  Nzz,  this  signifies  that  the  parameters 
hare  not  been  sensed  by  the  selected  positions.  In  future  24  positions  will  be  used. 


.  Coefficients 

Short-term 

repeatability 

Long-term  repeatability 
(  (6  months)  j 

Units 

!  Doi 

!  0,9 

!  34  ; 

°/h 

Bij 

;  o.9 

;  io 

*/h/g 

EiJ 

;  i.3 

1.8 

,  Aol 

1,9 

32 

io  .g 

M1J 

4.3 

;  as  ; 

lo^a/Sp 

,  NiJ 

2.3 

3.3 

xoA/g2 

1  Basic  errors 

j  (qva  ♦  <rt2)  jjj  ♦  fM2  +(fvra)  Hj 

Performances  In  multlposltlcn  tests  -  lg 


t  Cooffiolsnto 

.  Short-term 
repeatability 

.Long-term  repeatability. 

.  (0  months  . 

Units  ! 

!  1*2 

2.3 

!  35  ! 

1  40 

*/l-»4  ! 

10  g  J 

1  Basic  errors 

]?V2  *  fa)*- 

j . 

6.3.  Rotation  tests 

6.3.1.  Purpose  of  the  teats 

The  purpose  of  thete  teste  is  to  determine 

а)  on  the  rate  gyro 

,  the  scale  factors  of  the  torqus  motors  Kx  and  Ky 
.  the  misalignments  f  x,  jfy,  ol  x,  o<  y 
.  the  anlsolnertlai  term  (C  -  A)/ll 

The  "electrical"  precessions  defined  lh  equation  4.4  are  expressed  by  i 
Hx  «  Kx  .  lx  Eq.  G.l . 

K 

&  «  K y  .  Iy 
M 

б)  on  the  Inertial  reference  eystem 

-  the  scale  factor  errore  t  matrlxjKj 

-  the  static  coupling  scceleratlon/angular  rate  :  matrix  |Q| 

-  the  anlsolnertlai  terms  t  matrices  |Jj  and  |  H  j 


6.3.2.  Error  model  of  the  scale  factor 


Scale  factors  Kx,  Ky  are  functions  of  the  angular  rate  applied  to  the  rate  gyro  and  of 
time  t  : 

Kx  (  Oj  i  t)  =  Kyo.[l  +  V  x  (UJ,  t)  +  Vx(  U>  ,  t)3 

Ky  (  ,  t)  =  Kyo,£l  +  U  y  ( UJ,  t)  +  Vy(  CO  ,  t)J  Eq.  6.2. 

In  this  equation  : 

-  Kxo  and  Kyo  are  the  values  of  the  nominal  scale  factors  measured  for  zero  initial  condi¬ 
tions,  at  rates  -(/Uyo  and  -  (jjxo. 

-  \J  (  UJ  ,  t)  is  an  even  function  of  OJ  % 

0  (  OU  )  =  Ko  +  K1  .  sign  (  UJ  )  +  K2  CO  £  +  . . .  Eq.  6.3. 

-  v  ( (jJ  ,  t)  is  an  old  function  of  CO  : 

v  (  U)  )  =  Ll.CO  +  f  2.(u  sign  (CO  )  +  ...  Eq.  6.4. 

The  figure  24  presents  the  terms  definition. 

The  corresponding  error  model  in  the  inertial 
by  the  following  relations  : 

SSx  =  -  S  KYo  -  £uy  -  Svy 
Ky 

^Sy  =  -  SKXo  -  S  ux  -  1  vx 

Kx 

6.3.3.  Procedure 

The  tests  performed  are  limited  to  applying  angular  rates  to  the  standard  ax^s  X,  Y,'  Z  ot 
the  rate  gyro  or  the  inertial  reference  system  (the  anisoinertial  terms  which  are  only 
excited  for  rotations  applied  about  the  non-standard  axes  will  not  be  evaluated  for  these 
tests.  The  range  of  rates  i  JJ  o,  -  CO  max  applied  in  continous  operating  mode  is  : 


CO  0 

(JJ  max 

rate  gvro 

10"  /a 

200° /a 

inertial  reference 

10°/b 

lOOVs 

The  cycle  of  angular  rates  applied  is  of  the  type  +  Coo,  -Ota,  ...,  +  &U,  -  U  ...+60max, 
*  tO  max.  For  each  rate  applied,  measurements  are  made  on  complete  turns 
of  the  table  axis  in  order  to  average  the  drifts  proportional  to  g,  for  a  period  of  360  s. 

Changes  as  a  function  of  time  are  measured  for  £u^  404/6  at  9-second  intervals  (40  succes¬ 
sive  measurements  are  made  over  360  e  for  each  rate.  Each  of  these  40  measurements  is  inte¬ 
grated  over  9  a).  ' 1 

When  each  rate  has  been  applied,  the  system  is  maintaneo  at  rest  for  9  rains  to  re-etablish 
the  initial  thermal  conditions, 

6.3,4.  Results 

The  model  identified  is  as  follows 

Ux(  (JJ  ,  t)  m  k(tj.  Eq.  6.6. 

UyC  (w  ,  t)  >  fclfcj.  6j*1 

Vx  (  CO  ,  t)  «  0  Eq.  6.7, 

Vy  (  (JJ  ,  t)  -  0 

The  result  is  illustrated  in  figure  26  in  which  symbol  A  represents  i  V  ( 0j  ,t)  for  t  » 

9  s.  , 

and  symbols  represent  u  {  (O ,  t)  for  t  «  90  s 

+  represent  "  "  "  t  «  180  e 

-»  represent  "  "  "  t  «  270  u 

t  represent  " .  "  "  t  «  360  S 

in  the  range  I0*/o  to  i.  200"/» 

(function  0  ( Co  ,  t  •  9  s)  Represents  axis)  ' 

The  function  u  (  to,  t)  describes  heating,  by  tho  Joule  affect,  of  the  torquer  magnet  ring. 
For  fixed  Co  ,  U ( t)  in  the  solution  to 

u  (t)  ♦  5 .  Du  (t)  «!•(«•)  Eq,  6.7. 

it 

Typical  values  obtain*  1  are  i  , 

k  (-»)«-  2.6  .  lO^Ard/e)2 

-  160  a. 

The  general  form  of  the  model  Is  equation  6.6.  for  the  simultaneous  rate  inputs  on  axes  X 
and  Y.  therefore  i  (u,  k)  *  Uy  { <o,  t /  «  k(b) .  (  (u +  U/ y'-J 

t.e.  u(t)  «  k  (t)  .  ((u*2'*(u  y2)  Eq.  6.8. 

where  k(t)  ♦  5  .  Ok  (t)  •  k  {  —  )  Eq.  6.8, 

3  t 

These  equations  could  be  used  as  t  compensation  model  for  heating  of  the  torquera. 

The  thermal  sensitivity  of  coefficient  Kxo  is  evaluated  at  (jj  •  *  10*/a  in  the  ambient 
temperature  range  T  ■  20  to  60*C. 

Oko  •  4.l<fVc 

Ko.  3  T 

b)  Inertial  Reference 


reference  system  :  5  Sx  and  &  Sy  is  supplied 

Eq.  6.5. 
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The  matrix  coefficients  \k|  and  |  G|  are  estimated  in  the  same  way  on  the  Inertial 

Reference  system.  An  illustration  of  the  results  is  given  by  terms  (aJ  y  and  ay. 

00 y  =  Kyx.£ox  +  Kyy.  6Uy  +  Kyz.  (XOt, 
ay  =  Gyx.  00%  +  Gyy.  00 y  +  G Oo  & 

—3 

Terms  Kjjx,  Kyz  -  or  Gyx,  Gyy,  Gyz  are  static  coupling  terms  less  than  2.10  (°/h)/(°/h) 

or  (10  g)/(°/h)  and  are  independent  of  time  t. 

The  function  Kyy  {CO  ,  t)  is  represented  by  figure  11  in  the  range  -  10,  -  100°/s 
for  t  =  36  to  360  s. 

The  result  obtained  is  coherent  with  the  heating  model  identified  on  the  rate  gyro. 

The  linearity  error  remains  less  than  4.10”^  in  these  conditions  : 

Kyy  (  CO ,  t)  =  Kyyo  » fi  +  u  (  00,  t)T 
u  (  U),  t)  <4. 10"* 

Kyyo  ;  determined  by  CO  =  -  106/s. 


7  -  CONCLUSION 


The  first  tests  have  been  performed  on  equipments  utilizing  the  mass-unbalance  gyro  concept  in  labora¬ 
tory  operating  conditions  (  -  lg,  -  10O°/s,  204C  -  2°C)  and  for  constant  angular  rata  and  acceleration 
inputs.  These  tests  demonstrate  that  this  principle  is  applicable  to  the  guidance  using  the  following 
typical  values  :  . 

drift  <  100<7h  or  10  % 
scale  factor  error  <  J  0  "* s 

In  particular  the  following  factors  appear  : 

-  the  model  of  the  mass  unbalance  gyro  is  not  different  from  the  non-unbalanced  gyro,  and  no  static 
characteristics  are  affected  by  axial  unbalancing  of  the  spinwheel. 

-  the  errors  in  acceleration  are  largely  deducible  from  tlje  angular  rate  errors  using  the  ratio  defined 
by  the  value  of  the  axial  unbalance  (here  l°/hi;l  x  10~  g). 

-  the  current  performances  can  be  improved  by  dynamic  modelization  of  thermal  effects  (transient  on 
switch-on  and  internal  heating  of  the  torquers). 

Research  is  currently  being  made  on  the  inertial  reference  prototypes  which  will  be  evaluated  at  LRBA 
in  1904,  The  well-known  model  of  a  tuned  suspension  rate  gyro  will  be  basis  for  elaboration  of  future 
tests,  which  will  evaluate  performances  and  dynamic  errors,  and  validate  models  in  the  fields  of  high 
angular  and  linear  rates  and  accelerations.  Research  is  currently  being  made  in  this  direction  on  LRBA 
job-oriented  test  systems  such  as  the  20  g  sinusoidal  table  and  the  80  g  centrifuge. 


©  Magnetic  shield 
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©  Rotor 
©  Magnetic  ring 
©  Torguer  coil 
©  Output  pint 
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MODEL 
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MODULAR  STRAPDOWN  GUIDANCE  UNIT  WITH  EMBEDDED  MICROPROCESSORS 


Jerold  P.  Gilmore 

Division  Leader,  Inertial  Subsystem  Division 
The  Charles  Stark  Draper  Laboratory,  Inc. 
555  Technology  Square 
Cambridge,  Massachusetts  02139 


SUMMARY 

— 

'  The  Low-Cost  Inertial  Guidance  System  (LCIGS)  is  a  modular  strapdown  design 
implementation  of  attitude  (gyro)  and  velocity  (accelerometer)  axes  which  permits  the 
interchangeable  use  of  different  manufacturer's  instruments  without  affecting  the 
system's  electronic  or  mechanical  interfaces  or  processing  software.  This  design 
flexibility  is  made  possible  ty  the  use  of  microprocessors  for  processing  and  control. 
The  microprocessors  are  embedded  in  each  module  and  five  are  used:  one  per 
accelerometer  triad,  one  each  per  gyro  module,  and  one  in  the  service  module.  The 
processors  effect  on-line  digital  torque  control  of  the  gyros,  active  instrument  error 
model  compensation,  including  modeling  for  temperature  sensitivity  effects,  temperature 
control,  self-testing,  etc.  Adaptation  of  processing  and  calibration  algorithms  to 
accommodate  for  instrument  changes  or  sensed  environmental  variations  is  achieved 
through  the  use  of  an  alterable  read-only  data  base  that  may  be  updated  by  the  LCIGS 
support  equipment  as  required  at  calibrations  or  upon  an  instrument  replacement.  ^.This 
data  base  is  accessed  by  the  microprocessors  and  used  to  compute  coefficient  ^ 
corrections  for  the  processing  algorithms.  This  paper  describes  the  LCIGS  modular 
system  architecture,  its  functions  and  the  corresponding  microprocessor  software 
partitioning. 


INTRODUCTION 

This  paper  describes  a  strapdown  guidance  unit  which  uses  embedded  microprocessors 
for  instrument  control  and  data  processing.  It  was  designed  for  use  in  tactical  air-to 
surface  standoff  missiles,  but  is  also  applicable  to  a  broad  spectrum  of  avionics 
implementations  such  as  synthetic  radar  motion  compensation. 

The  name  chosen  for  this  development  was  the  Low-Cost  Inertial  Guidance  System 
( LCIGS ).l  This  name  underscored  one  of  the  program's  primary  objectives,  that  is, 
development  of  a  strapdown  inertial  reference  unit  that  could  be  competitively  produced 
at  a  production  unit  cost  (PUC)  target  goal  of  $10,000  in  FY1976  dollars  in  quantities 
of  2000  systems  per  buy.  To  address  this  goal,  the  design  was  configured  as  a  modular 
implementation  of  sensing  axes,  attitude  (gyro),  and  velocity  (accelerometers).  The 
axes  were  configured  about  mature  available  single-degree-of -freedom  (SDP) 
instruments.  Each  sensing  axis  design  is  such  that  different  SDP  manufacturer's 
instruments,  of  the  same  generic  class,  could  be  interchangeably  used  without  affecting 
the  electronic  or  raeohanlcal  interface  or  processing  structure.  Thus,  if  a  vendor's 
proprietary  instrument  meets  a  basic  normalized  specification,  it  can  be 
interchangeably  used  in  the  system  by  all  LCIGS  manufacturers. 

The  modularity  is  extended  within  each  sensing  axis  so  that  the  electronics  is 
also  functionally  partitioned  into  replaceable  electronic  modules  with  corresponding 
interface  specifications.  This  partitioning  was  defined  to  permit  graceful 
modernization  and  technology  growth  through  tho  phaso-in  of  new  components  or  modules 
that  meet  tho  common  interface  design  requirements.  Thus,  performance  or  reliability 
improvements,  via  instrument  or  electronics  changos,  can  be  readily  Incorporated. 
Similarly,  obsolescent  part  problems  can  be  circumvented  by  module  upgrades  that  retain 
the  Interfaces*.  The  standardized  modular  Interchangeability  feature  minimizes  system 
life  cycle  costs  (LCC).  This  design  flexibility  is  in  large  measure  mode  possible  by 
the  use  of  microprocessors,  embedded  within  tho  modules,  for  data  processing  and 
control. 

The  LCIGS  system  described  was  developed  by  The  Charles  Stark  Draper  Laboratory 
(CtJDL)  during  the  period  of  1976-1980.  Subsequently,  the  Air  Force,  as  a  result  of  an 
Industry  competition,  arranged  with  Lear  Slegler,  Inc.  to  validate  tho  C8DL  baseline 
concept  and  deliver  five  systems  for  laboratory  and  flight  testing  which  has  been 
conducted  up  to  the  present  time  period. 2  uoth  aircraft  and  cruise  missile 
implementations  have  been  demonstrated.  Furthermore,  an  LCIGS  version  using  2 
two-dsgree-of -f roedom  gyros  has  also  been  flight  tested  and  Integrated  with  a  low-cost 
Global  Positioning  System  (GPS)  received  by  the  Air  Force  Armament  Laboratory. 

Although  certain  design  changes  have  evolved  during  the  1983-1984  time  period,  the 
fundamental  embedded  microprocessor  concept  has  remained  unchanged  and  is  tho  subject 
of  this  Lecture. 

A  block  diagram  of  the  system  is  shown  in  Figure  1.  Five  microprocessors  avo 
used*  one  each  per  gyro  module,  one  per  accelerometer  triad  (velocity  reference 
module),  and  one  in  the  service  module.  The  respective  microprocessor*!  perform 
instrument  control  and  error  compensation,  data  processing,  and  formatting  functions. 
Adaptation  of  the  control  and  compensation  algorithms  to  the  specific  Instruments  is 
achieved  by  using  coefficient  variables  that  are  stored  in  the  service  module 
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processor's  data  base,  an  electricall-y  alterable  read-only  memory  (EAROM).  The  EAROM 
is  loaded  using  the  test  support  equipment  (PSE)  and  may  be  altered  as  required  at 
system  calibrations  or  when  instruments  are  replaced.  (Subsequent  sections  describe 
the  processor  architecture  and  software  processing  features. ) 


Figure  1.  LCIGS  block  diagram. 

LCC  and  rapid  operational  deployment  goals  were  major  dosign  driversi  a  10-yr 
inventory  life  with  extended  storage  periods  was  specified.  Thus,  testing  requirements 
were  minimized  and  concepts  that  permit  rapid  checkout  and  calibration  were  developed. 

A  30-mlnute  calibration  capability  was  realized.  The  calibration  and  checkout 
technique  accommodates  large  initial  bias  errors  while  permitting  relatively  loose 
tolerances  on  test  f ixturization.  The  P8E,  which  includes  a  minicomputer,  effects  the 
calibration  processing  and  also  commands  the  embedded  microprocessors  to  perform 
solf-tast  diagnostics  automatically.  The  cost  of  ownership  estimate  for  the  10-yr 
inventory  life  based  on  a  once  per  year  retest  and  an  abbreviated  readiness  functional 
tost  beforo  installation  corresponded  to  101  of  the  PUC. 


DESIGN  FEATURES 

In  the  CSDL  baseline  dosign,  the  LCIGS  configuration  was  scoped  to  be  compatible 
with  uso  in  the  guidance  adaptor  section  of  the  U3AP  modular  glide  bomb/COU-15 
configuration.  Angular  rate  and  acceleration  dynamic  range  design  requirements  of 
tlSO  dog/s  and  *10  g,  primarily  for  the  preservation  of  the  in-flight  alignment  while 
attached  to  the  launch  aircraft  (i.e.,  across  aircraft  ovaslonary  maneuvers),  were 
defined.  Data  requirements.  AS  and  AV  of  >3  arcsec  and  0.03  ft/s  per  pulse, 
respectively,  with  an  Interface  Iteration  rato  of  100/s  were  selected  to  be  compatible 
with  Global  Positioning  System,  or  radiometric  correlator  aided  navigation  and 
autopilot  operations.  A  aerial  interface  with  a  two-way  communication  capability  was 
provided. 

The  GWU-15  physical  space  envelope  limitations  necessitated  the  L-shaped 
brassboard  LCIGS  assembly  shown  in  Figure  2.  The  frame  utilizes  a  low-cost  aluminum 
casting,  which  requires  a  minimum  of  final  machining. 

The  electronic  cards  are  printed  circuit  assemblies  that  Incorporate  integral  heat 
sinks.  The  instruments  are  mounted  in  normalization  assemblies.  Consistent  with  the 
previously  stated  program  Intent,  as  many  as  four  gyros  (Timex  IG10,  Honeywell  GGllll, 
etc.)  and  two  accelerometers  (Sundstraml  QA  1200  and  Systron  4851)  were  candidates  that 
could  be  used  Interchangeably  in  this  system.  The  brassboard  system  weight  was  23.25 
ib.j  the  volume  was  450  in3.  An  additional  56  in3  were  required  for  the  cooling  fins 
and  blower  provisions.  The  Hatch  1978  PUC  estimate  for  this  assembly  corresponded  to 
$10,969  in  P*76  dollars. 1 
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An  alternate  design,  based  on  the  use  of  hybrid  electronic  packaging,  is  shown  in 
Figure  3.  It  preserved  all  the  LCIGS  design  characteristics  and  was  investigated  to 
provide  a  sizing  basis  for  this  application  when  space  and  weight  are  critical.  The 
corresponding  volume  and  weight  are  166  in3  and  8.7  lb.,  respectively.  If  cooling 
provisions  are  also  needed,  an  additional  36  in’  and  1.1  lb.  would  be  required.  The 
corresponding  PUC  for  the  hybridized  version  was  estimated  at  $17,000  in  FY76  dollars. 


SYSTEM  ARCHITECTURE 

The  detailed  system  mechanization  diagram  shown  in  Figure  4  depicts  the  LCIGS 
distributed  processing  architecture.  A  microprocessor  operates  through  interfacing 
conversion  electronics  with  the  instrument,  in  the  respective  velocity  reference  module 
(VRM)  and  the  gyro  modules  (GM’s),  and  communicates  with  the  system  service  processor 
(SP)  under  its  executive  control.  In  the  VRM  the  translational  motion  sensed  by  the 
accelerometers,  whose  outputs  are  analog  voltages  proportional  to  specific  force,  is 
digitized  by  voltage -to-frequency  converters  (V/B”s).  The  resultant  digitized 
incremental  velocity  data  (AV)  is  collected,  accumulated,  compensated  for  errors 
(e.g.,  bias  and  scale  factor),  and  formatted  by  the  VRM  Processor. 


Figure  4.  System  mechanization. 

Xn  the  GM,  the  processor  operates  in  conjunction  with  the  gyro  torquing 
electronics  (GTE)  to  effect  closed-loop  digital  pulse  torquing  of  the  gyro.  In  each 
control  oyclo  the.  processing  algorithm  operates  on  the  basis  of  the  digitized  gyro 
signal  generator's  output  and  commands  the  torquing  electronics  to  issue  a  net  variable 
current  pulae  width  to  the  gyro  torque  generator.  (The  torque  current  can  be  applied 
in  either  a  ternary  or  binary  mode  sequence  dependent  on  the  selected  microcomputer 
mode  command  to  the  GTE.)  The  resultant  torque  commands  correspond  to  an  Integer 
number  of  angular  rotational  measurement  increments  (46).  The  46  data  across  data 
transmission  updates  is  accumulated  in  the  processor,  where  It  is  compensated  for  scale 
factor  (SP )  and  bias  errors  and  formatted  for  transmission  to  the  SP. 

The  processed  46  and  AV  data  is  synchronously  transmitted  across  a  two-way  serial 
Internal  bus  structure  to  the  SP  where  the  data  is  collected  and  formatted.  Data 
transmission  is  under  SP  polling  and  gating  control. 

The  SP  communicates  with  the  instrument  processors  to  initialize  and  synchronize 
the  system  upon  turn-ons  or  system  resets.  It  also  provides  updates  of  the  SP  and  bias 
coefficients  that  are  used  in  the  Instrument  processor  compensation  routines.  These 
updates  are  determined  by  the  SP  by  accessing  the  thermal  sensitivity  data  stored  in 
its  alterable  data  base  (EAROM)  and  computing  coefficient  corrections  based  on  the 
sensed  instrument  temperatures.  The  EAROM  also  contains  variable  data,  which  permits 
the  interchangeable  use  of  different  instruments. 

The  SP  communicates  with  the  missile  system  processor  across  a  two-way  serial  data 
Interface  (S00  KHz  bit  rate).  The  output  I/O  structure  is  shown  in  Figure  5.  A 
variable  length  block  transfer  protocol  is  used  in  which  “Plag“  (a  pulse)  and  “LCIGS 
Sending*  ( LCBLOX,  a  level)  signals  the  missile  processor  (HP)  that  the  LCIGS  output 
must  have  priority  servicing.  The  missile  processor  must  respond  after  each  “Play"  by 
clocking  out  two  LCIGS  bytes  plus  parity  with  a  CTS  signal  from  the  transmitter  section 
of  the  external  output  I/O  serial  synchronous  data  adapter  (SSDA)  device  in  the  SP 
module.  Block  transmissions  from  the  NP  are  sent  to  LCIGS  by  sending  “Request  to  Sand* 
and  the  “Sending  Data  Block*  levels  to  the  SP  module  peripheral  interface  adaptor 
device,  used  for  external  I/O  handshaking.  After  each  LCIGS  “Flag*,  two  bytes  may  be 
clocked  into  LCIGS  when  accompanied  by  the  Data  Carrier  Detect  (DCD)  signal  to  the  SSDA 
receiver. 
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Figure  5.  LCIGS/missile  I/O. 

Output  transmissions  from  LCIGS  include  the  preprocessed  and  formatted  sensor 
data,  A9v,y,j.  and  Avx,y,z  and  other  specific  LCIGS  parameters  (e.g.,  gyro 
g-sensitlve  drifts  and/or  output  axis  coupling,  anisoinertia  coefficients,  etc.)  as 
required.  Status  information,  such  as  LCIGS  "Ready*  or  that  a  reset  has  occurred,  is 
also  sent  when  applicable.  Hiasile  processor  messages  may  request  specific  LCIGS  data 
(e.g.,  memory  status)  and  it  can  initiate  a  reset.  The  PSE  also  functions  through  this 
I/O,  augmented  by  additional  functions,  to  alter  the  EARQM  loads  and  effect  diagnostic 
test,  etc, 

A  summary  of  the  various  processing  tasks  that  are  allocated  to  each  of  the 
different  embedded  microprocessors  is  shown  in  Figure  6,  When  compared  to  a 
traditional  customized  digital  logic  design,  this  processing  Implementation  provided 
the  flexibility  for  enhanced  automated  system  testing  and  eliminated  the  need  for 
speolal-purpose  built-in  test  monitors  and  equipment  (BITE).  The  microprocessor  costs 
are  competitive  with  traditional  designs,  and  their  high  volume  industrial  usage  is 
assured. 3  High-volume  cost  reduction  trends  are  already  yielding  PUC  reductions. 
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Figure  6,  Microprocessor  tasks. 


PROCESSOR  STRUCTURE 

All  of  the  processors  were  configured  with  the  family  of  Motorola  M6800 
microcompqter  components.  High-volume  industrial  usage,  second  source  availability, 
and  military  environmental  qualification  considerations  were  major  factors  in  the 
selection  of  the  M6800  family.4  Additionally,  its  system-oriented  architectural 
features  were  compatible  with  the  hardware  interfacing  inferred  in  the  mechanization 
shown  in  Figure  4  and  the  software  tasks  structure  of  Figure  6. 

Although  not  unique  to  the  M6800  family,  the  interface  functions  provided  by  the 
peripheral  interface  adapter  (PIA)  and  the  serial  synchronous  data  adapter  (SSDA) 
components  facilitated  the  LCIGS  I/O  architectural  design.  These  peripherals  simply 
correspond  to  memory  locations  on  the  MPU  address  and  data  bus;  they  are  programmable 
from  the  bus  and  their  real-time  status  is  accessed  through  the  bus.  These  provisions 
simplified  interfacing  and  eliminated  the  need  for  I/O  instructions.  Another  highly 
desirable  feature  is  that  the  6800  family  buffers  are  compatible  with  standard  TTL  load 
driving  and  only  a  +5V  power  supply  was  required. 

Figure  7  depicts  the  processor  organization  used  in  the  instrument  modules.  The 
specific  interfacing  shown  is  used  in  the  GM.  The  VRM  processor  is  identical; 
interfacing  differences  are  effected  by  the  individual  software  utilization  choices  and 
system  interconnection  provisions. 
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Figure  7.  Processor  organization 


The  MPU,  a  M6800CL,  functions  as  a  bidirectional  bus-oriented  general  purpose 
processor.  Eight-bit  parallel  processing  is  implemented  and  a  16-bit  address  bus  is 
available  (65K  bytes  of  addressing).  The  processor  is  capable  of  directly  interfacing 
with  eight  peripheral  devices  and  one  TTL  load  to  the  bus  at  a  1  MHz  cycle  clock  rate. 
As  shown,  seven  peripherals  (including  2  RAM  and  3  PROM  components)  are  used  in  the 
instrument  processor.  The  SP  bus  is  buffered  since  12  peripheral  devices  are 
interfaced  with  its  bus.  The  MPU  contains!  an  arithmetic  logic  unit  (ALU),  two  8-bit 
accumulato.  a  16-bit  index  register,  a  2-byte  stack  pointer,  and  a  16-bit  program 
counter. 


The  minimum  execution  time  for  this  1  MHz  processor  configuration  is  2  ys.  The 
instruction  set  (72)  provides  a  variable  length  capability  that  aids  in  optimizing 
memory  and  processing  time  utilization.  Three  interrupts  are  available:  reset, 
nonmaskable  (NMI),  and  peripheral  interrupt  request  (IRQ).  The  reset,  which  is 
software  vectored,  is  used  for  LCIGS  initialization  at  power  turn-ons,  or  if 
unacceptable  system  power  excitation  conditions  occur,  or  when  commanded  by  the 
higher-level  missile  processor.  The  NMI  interrupt  is  used  in  the  different  processors 
as  a  basic  internal  program  cycle  initiator.  It  also  serves  to  provide  a  basis  for 
synchronization  of  all  the  processors  in  the  system.  The  IRQ  functions  as  the  input 
message  processing  interrupt  (SSDA  receiver). 


Programmable  read-only  fusible  link  memory  is  used.  These  memory  elements  are 
programmed,  as  applicable,  to  contain  the  dedicated  routines  required  for  the  different 
VRM  and  GM  functions.  The  RAM  is  used  for  processing  task  variables.  The  special- 
purpose  bus  control  logic  shown  was  added  primarily  to  enable  the  peripheral  expansion 
capabilities  that  were  required  for  the  service  processor  configuration.  The  SSDA 
provides  for  serial  synchronous  communications  between  the  instrument  processor  and  the 
service  module.  It  permits  simultaneous  transmission  and  reception  with  3  bytes  of 
FIFO  buffering  in  each  direction  and  includes  automatic  generation  and  detection  of 
parity.  The  PIA  provides  parallel  interfacing  capabilities  and  two  8-bit  bidirectional 
channels  in  which  each  bit  may  be  independently  configured  as  either  an  input  or  an 
output.  In  the  GM,  the  two  channels  are  dedicated  to  an  input  (GTE  SG  A/D  data 
transfers)  and  an  output  (GTE  torque  control  commands),  respectively.  In  the  VRM,  the 
channels  are  mixed  and  12  bits  are  allocated  for  reaching  the  4V  accumulators,  while 
the  other  lines  are  used  for  accumulator  control . 


The  service  processor  configuration  Figure  8  corresponds  to  an  expansion  of  Figure 
7  by  the  addition  of  several  peripheral  devices,  The  RAM  and  PROM  are  increased,  and 
on  EAROM  is  added.  Two  SSDA's  ate  required  -  one  for  internal  and  the  other  for  the 
external  data  communications  shown  in  Figure  5.  Two  PIA'g  are  used.  One  provides 
control  functions  for  the  EAROM  and  the  polling  and  gating  control  of  each  of  the  CM 
and  VRM  SSDA's,  The  second  PIA  is  used  for  data  transfer  and  control  of  an  A/0 
multiplexer  in  the  service  module  (temperature  monitoring),  and  provides  the  external 
communication  control  function  shown  in  Figure  5, 


It  is  of  Interest  to  note  that  the  modular  partitioning  concept  advantages  noted 
in  the  introduction  section  permitted  the  phase  in,  during  the  industrial  LCIOB 
development*,  of  the  more  powerful  INTEL  8088  microprocessor  (a  16-bit  internal 
architecture  with  an  8-bit  bos  structure,  same  as  M68QQ).  This  design  modification 
permitted  technology  growth  while  preserving  the  embedded  processing  architecture. 
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Figure  6.  Block  diagram  of  Service  Processor  configuration. 
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GYROSCOPE  MODULE  (GM) 

The  gyro,  installed  in  an  aluminum  mounting  block,  is  interconnected  to  the  torque 
electronics  (GTE)  card,  which  interconnects  via  the  system  "motherboard"  to  the 
instrument  processor.  The  gyro  input  axis  is  approximately  perpendicular  to  the  plane 
defined  by  the  pads  on  the  mounting  block.  These  pads  mate  with  surfaces  on  the  LCIGs 
frame  assembly.  Three  different  sets  of  mating  surfaces  on  the  frame  define  an 
orthogonal  angular  rate-sensing  triad.  A  temperature  sensor  is  mounted  on  the  block  to 
provide  the  temperature  measurements  used  by  the  temperature  compensation  processing 
algorithms.  Block  mounted  electronics  also  provide  an  instrument  normalization 
function  (i.e.,  torquer  and  motor  tuning,  etc.)  so  that  different  instruments  once 
normalized  are  configured  to  provide  identical  loading  and  signal  interfacing  with  the 
GTE  card. 

The  GTE,  Figure  9,  interfaces  with  the  gyro  signal  and  torque  generator.  It 
amplifies,  filters  and  digitizes  the  gyro  signal  generator  (SG)  output  signal  (peak 
sampling  at  3.2  kHz)  with  an  A/D.  The  A/D  output  is  read  by  the  instrument  processor 
via  PIA  data  register  A.  The  processor  computes  a  torque  control  command  in  each 
sampling  cycle  which  is  transmitted  via  PIA  register  B  to  the  GTE, 


TO  ttttmWENT  MOCESSOM 
Figure  9.  GTE  block  diagram. 

The  GTE,  in  response  to  the  torque  command,  applies  a  precise  amplitude-controlled 
current  tc  the  gyro  permanent  magnet  torque  generator.  The  decoding  logic  configures 
the  GTE  in  ternary  (PWT)  or  binary  (PWB)  torquing  operation  and  meters  the  current 
pulse  width  and  polarity  to  the  gyro  torquer  in  accordance  with  the  processor's  moding 
and  as  data  command.  The  maximum  pulse  width  in  each  cycle  correspond  to  approximately 
312  tie  with  ai  equivalent  width  resolution  of  60  to  1. 

The  different  moding  options  were  provided  so  that  different  instruments  could  be 
controlled  in  a  manner  best  suited  to  their  specific  design  sensitivities,  for 
example,  PW8  control  maintains  constant  power  on  the  gyro  torquer,  and  scale  factor 
asymmetry  yields  and  equivalent  bias.  However,  ASP  instability  could  result  in 

large  bias  instabilities,  tvr  avoids  the  ASP  instability  problem,  but  applies  variable 
power,  dependent  upon  the  sensed  angular  rate.  The  mode  that  ie  used  by  a  processor  is 
based  on  the  data  stored  in  the  BAUOH. 

The  gyro  processor  performs  the  control-loop  algorithm  and  compensates  the 
accumulated  AS  torque  count  for  bias  and  scale  factor  errors,  including  thermal 
variations,  and  formats  the  corrected  data  tor  transmission.  The  compensation 
processing  is  similar  to  the  VRM  described  In  the  next  section,  except  that  Independent 
gyro  and  electronics  modeling  is  not  required  since  closed-loop  operation  is  used  in 
the  GM.  The  coefficient  used  in  compensation  processing  are  altered  In  the  processor 
by  updates  from  the  service  processor  (SP).  Tbs  updates  are  determined  by  the  SP  from 
stored  EAR OH  data  sensitivity  coefficients  and  sensed  instrument  and  electronics 
temperatures. 

The  processor  functionally  implemented  a  control  algorithm  of  the  form 

T  •  fcj*  ♦  kji  >  Kj/ 8dt  (1) 

where  T  is  the  torque  command  to  the  GTE  and  corresponds  to  the  EG-sensed  gyro  motion, 
and  It | ,  Kj ,  and  Rj  correspond  to  proportional,  rate,  and  Integral  gain  coefficients, 


respectively.  The  rate  term  is  used  to  compensate  for  the  lags  associated  with  the 
gyro  time  constants  and  computational  delays  of  the  digital  processing.  The 
integrating  function  was  implemented  to  minimize  gyro  gimbal  offsets  with  rate  inputs, 
which  reduces  errors  due  to  cross-axis  coupling,  etc. 

In  practice  the  processor  is  got  called  upon  to  perform  the  rate  function  by 
direct  rate  taking,  derivation  of  0,  as  this  would  result  in  a  very  noisy  process  or 
require  significant  processing  complexity.  The  rate  compensation  function  is 
implemented  in  the  processor  using  a  feedback  approach,  wherein  the  command  signal  is 
feedback  through  an  equivalent  first-order  lag  filter  implemented  in  the  processor.  In 
an  idealized  representation,  the  processor  implements  the  signal  flow  depicted  in 
Figure  10.  The  value  Kf  is  given  by: 


Figure  10.  Feedback  processing  implementation. 


(2) 


where 


Or  *  torque  pulse  quantization,  arcsec  input-axis  angle/pulse 
Oad  “  A/0  quantization,  arcsec  input  axis  angle/quanta 
to  *  gyro  float  time  constant,  seconds 

At  «  interval  between  samples,  seconds  (0.0003125  s  in  ICIGS) 

The  factor  K3  ie  a  “software  gain*  which  scales  the  number  of  torque  pulses  generated 
per  sample  cycle  to  achieve  a  compromise  between  speed  of  response  of  the  T/u  loop  and 
roquired  stability  margin. 

To  avoid  extraneous  pulsing  of  the  gyro  torque  when  the  system  is  initialized,  it 
was  decided  to  implement  an  equivalent  decay  in  the  integrator  processing  function,  a 
“leak“  time  constant,  Thus,  when  the  gyro  float  is  near  null  the  integrator  feed 

forward  command  also  nulls. 


LEAKY 


Figure  11.  Controller  implementation. 

Figure  11  depicts  complete  processing  controller  implementation.  The  sequence 
of  operations  performed  Ly  the  processor  corresponding  to  this  analog  representation 
are  represented  by  the  following  difference  equations: 


* 
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The  suffix  (old)  refers  to  the  value  of  the  quantity  of  the  previous  sample  period. 

The  following  constants  are  defined,  where  At  is  the  sample  period  of  0.0003125  second 
and: 

Ci  =  Kf ( 1  +  xo/At) 

C2  =  x0At(l  +  T0At) 

C3  =  KiAt 

To  simplify  processing  complexity  and  timing  requirements,  the  constant 
multipliers,,  i. e. ,  Ci ,  C2  and  C3  were  constrained  so  that  they  corresponded  to  simple 
combinations' of  powers  of  two.  Thus,  they  could  be  configured  by  a  sequence  of  add  and 
shift  functions  which  enhanced  processing  speed. 

Because  the  integrator  "leak*  was  incorporated  in  the  controller,  the  gyro  signal 
will  be  slightly  offset  from  null  for  steady-state  input-axis  rates.  The  offset,  will 
be  proportional  to  rate,  and  from  breadboard  tests  it  was  found  that  at  150°/second 
input-axis  rate  the  offset  is  approximately  44  A/D  quanta,  or  about  350  arcseconds  of 
input-axis  angle.  The  float  angle  remained  within  control  limits  for  angular 
accumulations  in  'excess  of  35  radians  per  second  squared. 

The  design  achieved  a  nominal  loop  bandwidth  of  80  Hr.  The  step  response  rise 
time  is  approximately  3.75  x  10-3  s,  and  the  overshoot  is  less  than  20%.  An  average 
gyrofloat  hang-off,  80  arc-sec,  exists  at  an  angular  acceleration  of  5  rad/s2.  Figure 
12  is  a  plot  of  a  CM  step  response,  as  obtained  from  reading  the  processor  A/D  register 
and  torque  command  data  at  3.2  kHz,  To  generate  this  plot  the  GM  processor  was 
instructed  to  set  the  gyro  SG  control  point  offset  from  the  normal  null  condition  by 
40  A/D  bits  (240  arcsec)  and  the  control  command  was  then  returned  to  the  SO  null 
point.  The  step  response  shown  corresponds  to  one  of  the  self-test  provisions.  Others 
include  8F  asymmetry,  A/D  resolution,  processor  checksum,  and  error  code  testing. 

These  test  functions  are  embodied  in  the  processing  software  structure. 


0  »  «0  *0 


txitr3  tKOMh 

Figure  12.  Step  response  test  results. 
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The  use  of  identical  interchangeable  microprocessors  for  the  GM  requires  that  they 
be  able  to  identify  their  own  axis  system  assignments  since  communications  with  the  SP 
is  across  a  "party"  line.  Similarly/  software  phasing  must  be  included  so  that  the 
modules'  NMI'  cycle  rate  and  the  SP's  data  transfer  rate  can  be  synchronized.  Finally/ 
for  transient  resets,  recovery  provisions  must  assure  that  the  closed  loop  torquing 
operations  are  resumed  rapidly.  Thus,  the  gyro  processor  automatically  reverts  to  a 
default  WT  operating  mode  until  system  reinitialization  is  completed.  The  GM  memory 
capacity  and  MPU  utilization  levels  are  shown  in  Table  1. 

Table  1.  Gyro  processor  utilizations. 


Memory 

Cepecity 

Utilization 

RAM 

266 

143 

ROM 

1636 

1433 

®Time  available  utilized 

-85% 

The  software  flow  organization  implemented  in  the  embedded  processor  is 
partitioned  so  that  each  function  is  essentially  dedicated  to  a  specific  real-time 
processing  task.  In  a  sense  the  software  reverts  to  a  firm-ware  allocation  in  each 
module  and  there  are  no  multi-tasked  or  shared  memory  functions  between  module 
processors.  This  is  consistent  with  the  modularity  objective  and  allows  modification 
of  algorithms  without  a  ripple  effect. 

The  instrument  module  microprocessor  program  is  structured  into  the  three 
interrupt  processing  and  one  background  processing  routine,  as  illustrated  in  Figure 
13. 


Figure  13.  Functional  software  structure. 

In  the  GM  the  I/O  processing  routine  is  executed  upon  receipt  of  the  second-level 
priority  interrupt  activated  by  the  F.OC  signal  (3200  Hz)  from  the  GTE.  The  major 
functions  performed  are  reading  and  rescaling  of  the  gyro  float  angle  to  a  signed 
binary  number,  computation  of  the  desired  gyro  torquing  command,  compensation  of 
accumulated  torque  pulses  (A0),  and  transmission  of  data  to  the  Service  Modulo  at  the 
proper  rate. 

The  GTE  is  configured  to  operate  in  either  a  ternary  mode  or  a  binary  mode, 
depending  on  the  mode  of  operation  selected,  the  required  torque  command  is  computed 
and  transmitted  to  the  GTE  over  the  parallel  interface.  The  mode  of  operation  is 
selected  by  command  transmitted  by  the  service  processor  to  the  instrument  processor. 
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These  commands  function  through  the  GM  processor's  command  processing  routine 
which  set  the  output  routine  of  the  I/O  processing  to  various  modes,  for  example: 
transmission  of  torque  command  and  A/D  readings:  or  uncompensated  torque  signals:  or 
gyro  ID  and  memory  checksum  data:  or  memory  dump  data:  or  internal  error  counter  status 
data.  The  various  modes  permit  considerable  flexibility  in  test  and  diagnostics  of 
each  modular  function. 

The  command  processor  is  executed  asynchronously  upon  receipt  of  the  third-level 
priority  interrupt  (IRQ)  issued  by  the  SSDA  on  receipt  of  command  data  from  the  SM. 

Its  main  function  is  to  interpret  and  implement  the  SM  commands.  The  command  processor 
is  a  low-priority  task  and  may  be  interrupted  by  the  I/O  processor  or  the  Reset 
processor.  Execution  of  the  command  processor  is  delayed  pending  a  I/O  processing 
cycle  completion.  Commands  from  the  SM  are  transmitted  asynchronously  and  consist  of 
initialization  commands  and  update  commands  to  set  modes,  described  previously.  It 
also  enables  input  of  data  variables,  i.e.»  updates  of  bias,  SP,  gyro  null  offset 
parameters,  etc.,  for  use  in  the  I/O  processing  routines. 

The  command  processing  also  performs  error  detection  and  recovery.  Upon  receipt 
of  the  third-level  priority  interrupt,  the  GM/SM  interface  status  is  checked  to  ensure 
that  data  is  available  to  be  read  from  the  SM.  If  not,  the  error  counter  corresponding 
to  “undefined  third-level  interrupts"  is  incremented. 

All  data  received  from  the  SM  is  checked  for  parity  errors.  If  a  parity  error  is 
detected,  the  error  counter  corresponding  to  “serial  interface  parity  errors"  is 
incremented  and  processing  on  that  command  is  terminated.  Any  undefined  commands  are 
flagged  as  errors,  and  command  processing  is  also  terminated. 

The  reset  processing  performs  RAM  initialization  and  I/O  interface  setup  upon 
receipt  of  a  hardware  reset  interrupt  which  may  be  generated  when  power  is  turned  on, 
when  the  5.0  VDC  logic  excitation  drops  below  an  acceptable  levei  (4,45  VDC),  and  when 
commanded  by  the  PSE  or  Missile  Computer. 

The  reset  processor  has  the  highest  priority  and  may  interrupt  any  of  the  other 
processing  tasks. 

Initialization  performed  may  be  grouped  into  the  following  areas: 

(1)  RAM  variables  are  initially  set  to  zero  or  their  starting  value. 

(2)  The  GTE  parallel  I/O  interface  is  set  up  to  allow  input  of  gyro  A/D  float 
angles  and  output  of  gyro  torque  commands  at  a  data  rate  of  3200  Hz. 

(3)  The  GM/SM  serial  I/O  Interface  is  set  up  to  allow  two  byte  bidirectional 
transfers  between  the  SM  and  the  GM  at  a  100  Hz  rate. 

(4)  GM  selC-identif ication  is  accomplished  by  sending  the  identification 
interface.  The  identification  signal  is  fed  back  over  the  parallel  interface 
as  two  logical  bits. 

In  the  Instrument  modules  the  background  processor  operates  in  the  absence  of 
other  processor  activity  and  performs  the  hiemory  sell-check  (checksum)  computation. 

The  self -check  corresponds  to  a  summation  computation  of  the  ROM  ignoring  overflow. 

Its  output  is  a  single  byte  CHK8UM. 


VELOCITY  REFERENCE  MODULE  (VRM) 

The  VRM  consists  of  en  accelerometer  triad  assembly,  an  electronics  assembly,  nnd 
an  instrument  processor.  Power  and  timing  are  provided  by  the  sorvlce  module. 

Th>  aeeolo remoter  triad  assembly  consists  of  three  accelerometers  mounted  with 
tholr  axes  nominally  orthogonal  In  an  aluminum  block.  A  temperature  sensor  Is  Men tod 
on  the  block  for  use  in  temperature  compensation.  Thu  accelerometer  Is  a  gas-filled 
hinged  pendulum  with  an  integral  analog  torque-to-balance  loop. 

The  accelerometer  loop  output,  an  analog  do  voltage  proportional  to  acceleration, 
la  fed  into  voltage-to-f requency  (V/P)  converters  in  the  velocity  reference  electronics 
(VRE),  scaled  to  a  nominal  O.S  vDO/lOOO  cm/s*.  The  V/P  output  frequency  Is 
proportional  to  acceleration,  and  each  output  frequency  pulse  corresponds  to  1  cm/s. 

A  bf  >olar  V/P  design  was  configured  to  achfevo  the  roquired  bias  stability.  Throe 
V/P  convectors  and  their  associated  data  buffers  are  mounted  on  the  VRE  printed  circuit 
card. 


The  P  output  froquuncy  tr  defined  by 

fout  -  («+,->(V0ut  ♦  V0g)  (4) 

whore  the  gain,  K+»,  i«  dependent  pn  tho  polarity  (a  bipolar  design  characteristic) 
of  the  «>put  voltage,  Vout  *  "Og. 

V0ut  “  K'laLVQa  ♦  Ain)  (5) 


ir " 


where  Kia  is  the  accelerometer  scale  factor,  Koa  is  the  accelerometer  bias,  Ain 
is  the  sensed  acceleration  input,  and  Vog  is  the  offset  voltage  of  the  V/F 
converter.  The  V/F  bias  (Kovp)  corresponds  to 

KOVF  =  (K+,_)(Vog>  (6) 

The  VRM  processor  accumulates  the  V/F  count  in  the  VRE  buffer  every  625  ps  and 
compensates  this  data  for  bias  and  scale  factor  errors.  Since  the  V/F  functions  as  an 
open-loop  digitizer,  the  processor  compensation  routines  must  correct  for  the  V/F  bias 
<v0g)  and  its  plus  and  minus  scale  factors,  as  well  as  the  accelerometer  bias  and 
scale  factor.  All  of  these  terms  are  temperature  sensitive,  and  the  thermal  modeling 
must  also  include  them. 

The  velocity  reference  processor  computes  a  corrected  velocity,  AVcomp,  of  the 

form 


AVcomp  =  [  ( 1  't  ASFc)AVr]  +  B^At  (7) 

where  AVr  i8  the  raw  accumulated  V/F  output  velocity  change  data  m  an  update 
interval,  Bc  is  the  bias  correction  in  velocity  during  the  update  interval,  ASFc  is 
the  scale  factor  correction,  and  at  is  the  time  between  updates.  The  memory  capacity 
and  current  MPU  utilization  levels  are  shown  in  Table  2,  The  processing  architecture 
apart  from  the  real-time  control  function  is  identical  to  that  of  the  GM> 

Table  2.  VRM  processor  utilization3.  - 


Memory 

Cipwty 

Utilization 

RAM 

268 

188 

ROM 

1536 

1328 

*Tlm«  available  utlllnd 

•  sax 

SERVICE  MODULE  PROCESSOR  (SP) 

A  major  function  of  the  SP  is  to  effect  the  thermal  compensation  modeling.  For 
example,  the  5C  an(j  sf  coefficients  in  Equation  17)  are  computed  by  the  SP  using  the 
parameters  stored  in  its  FA.ROM  and  the  sensed  temperature  data  that  is  multiplexed  and 
digitized  in  the  service  module.  The  computations  are  achieved  using  the  hardware 
multiply  provisions  in  the  service  module  and  are  of  the  form 

»c  •  [K0a  +  KQVf] 

Wc  "  1/(1  +  AKj  )  -  1  m 

where 

.  4K(  ■  [  (1  +  AKlaXl  +  A  *  K1VF)]  -  1 

and  iKivF  represents  the  plus  and  minus  V/P  scale  factor*. 

The  coefficients  K»  and  Kt,  are  corrected  for  temperature  sensitivity  using  a 
two-slope  characterization,  if  required.  The  processor  determines  the  individual  K0 
and  Kj  terms  for  the  accelerometer  and  using  processing  structure  of  the  form 

K{  )  -  K{  )  ♦  (X{  >/AT)(T  -  TN)  (10) 

K  Is  the  coefficient  corresponding  to  the  nominal  operating  system  temperature  and 
(K«  )/6T)  corresponds  to  the  applicable  slope  segment  thermal  sensitivity.  The  Be 
and  SPe  coefficients  are  thon  determined  using  Equations  (8)  and  ($).  The  SP 
computes  now  correction  coefficients  for  all  of  the  modules,  and  updates  all  of  the 
modules  once  every  20s.  These  computations  also  include  modeling  to  account  for 
thermal  transients,  the  thermal  lag  between  sensor  readings,  and  the  instrument 
responses  to  environment  temperature  changes. 

The  bias  and  scale  factor  parameters  may  be  determined  during  module  or  system 
level  testing.  The  parameters  are  loaded  into  the  EAROM  via  the  PSE.  The  BARON  serves 
as  the  data  base  for  the  LCIGS  system.  In  addition  to  instrument  parameters, 
compensation  parameters,  torque  reodlny  (PWT  or  WB),  control  loop  gains  and  dynamic 
terms  (g-sensltlve  and  OA  coupling  <~oeff iclents,  etc.),  information  defining  instrument 
type,  serial  number,  installation  date  and  last  test  date,  etc.,  may  be  storod  for 
logistic  purposes.  Data  base  management  1b  effected  by  using  the  PSE.  A  magnetic 
stripe  card  function  is  Included  in  the  PSE.  The  stripe  card  accompanies  the  LCIGS, 
and  its  data  duplicates  the  EAROM  load.  The  card  "current  data"  is  used  by  the  PSE  to 
verify  the  EAROM  load.  It  is  updated  at  each  calibration  or  repair  by  using  the  PSE. 
Card  file  status  may  also  be  compiled  for  inventory  control. 
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In  addition  to  the  compensation  processing  function,  the  SP  also  implements  a 
coarse  temperature  control  function  using  aircraft  power  during  captive  flight.  The  SP 
implements  a  control  algorithm  using  the  thermal  sensor  data  and  time-modulates  the 
application  of  power  via  solid-state  relays  to  either  a  trim  heater  or  a  blower,  since 
coolant  sources  are  not  available  anti  battery  power  cannot  be  spared  for  heating  in 
free  fall,  thermal  modeling  is  also  required.  The  coarse  control  provision  narrows  the 
thermal  variation  region  which  optimizes  modeling  during  captive  flight. 

In  addition  to  the  application  tasks  just  described,  the  SP  performs  the  major 
system  executive  and  raoding  functions  decribed  in  the  next  section. 

The  SP  memory  capacity  and  current  MPU  utilization  levels  are  shown  in  Table  3. 

The  basie  elements  of  the  SP  were  sho./n  in  Figure  8, 

Table  3.  Service  processor  utilization3. 


Mamory 

Cipaclty 

Utilization 

RAM  (8  bit-bytti) 

1024 

269 

ROM  (8  bit-byte*) 

4066 

2361 

EAROM  {8  bit-bytes) 

1024 

730 

*Tlm*  tvilltbli  utlllzi  d  •  70% 


SP  EXECUTIVE  SOFTWARE 

The  executive  is  responsible  for  all  I/O  procedures  and  internal  task  scheduling. 
As  noted  previously,  the  executive  functions,  in  order  of  priority,  correspond  to  the 
system  rest,  nonmaskable  interrupt  (NMI),  and  interrupt  request  processing  routine 
(IRQ). 

As  noted  previously  in  the  instrument  processor,  the  reset  routine  initializes  all 
variables  stored  in  RAH,  and  configures  I/O  devices  as  required.  It  leaves  the 
processor  in  a  well-defined  default  mode  that  can  only  be  altered  by  command  from  the 
SP.  The  NMI ,  common  to  all  processors,  provides  intrasystem  synchronization  while  the 
IRQ  routine  is  an  input  message  processor.  The  SP  broadcasts  various  commands  and  data 
to  the  instrument  processor.  Some  examples  of  these  messages  are:  send  compensated 
inertial  data:  send  raw  inertial  data;  send  self-test  data:  receive  this  bias 
correction:  receive  this  scale  factor  correction:  and  perform  self-test  program.  The 
instrument  module  IRQ  processing -routine  interprets  these  messages  and  configures  its 
executive  to  perform  the  requested  command. 

The  SP  executive  also  contains  reset,  NMI  and  IRQ  programs,  and  provides  for 
low-priority  task  schedule  control. 

The  SP  reset  program  must  also  initialize  SP  RAM  and  I/O  devices,  but  it  also  has 
the  responsibility  of  insuring  that  all  processors  are  synchronized  correctly.  A 
power-up  resot  is  a  special  caso,  where  the  SP  must  command  all  GN  processors  to  torque 
their  associated  gyro  into  a  preferred  stop. 

The  most  important  responsibility  of  the  SP  NMI  program  le  that  of  gathering  the 
inertial  data  from  the  four  sensor  processors  and  passing  this  information  to  the 
missile  processor.  The  NMI  program  must  also  maintain  the  real-time  clocks,  index  and 
selected  temperature  and  voltage  multiplexed  channels,  and  provide  system  temperature 
control. 

The  IRQ  program  performs  message  control  functions  similar  to  those  described  for 
the  instrument  processor.  The  low-priority  tasks  are  initiated  either  by  a  message 
interpreted  by  the  IRQ  or  from  another  active  low-priority  task.  The  subroutines  used 
to  execute  task  control  (Figure  14)  are  called  CMDPRO,  ADDJOB,  and  JOBCTL.  The  CMDPRO 
subroutine  Interprets  messages  received  from  IRQ,  selects  the  application  task,  and 
adds  it  to  the  task  queuo  by  using  the  ADDJOB  subroutine.  The  tasks  in  the  queue  are 
activated  in  sequence  by  tho  JOHCTI.  program.  A  listing  of  the  application  tasks  la 
also  shown  In  Figure  14.  For  example,  tho  BITEJB  task  corresponds  to  the  compensation 
modeling  functions,  Equations  (8)-(10). 

The  task  "INERT*  is  initiated  on  command  from  the  miesilo  processor.  The  command 
is  interpreted  as  "Start  inertial  data  processing  and  transmission."  The  task  performs 
tho  transfers  of  initial  compensation  coefficients  to  the  instrument  processors  and  tho 
missile  processor.  The  instrument  processors  are  then  instructed  to  transmit 
compensated  inertial  data.  The  final  responsibility  of  INERT  is  to  schedule  the  BITEJB 
task. 


"PXPELN"  transfers,  without  interpretation,  a  command  message  directed  to  an 
Instrument  processor.  This  feature  is  primarily  used  by  tho  PSB  during  system  test. 
It  provides  the  K>£  with  flexible  control  over  tho  instrument  modules  for  test 
purposes. 
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Figure  14.  Executive  applications. 

The  electrically  alterable  read-only  memory  (EAROM)  is  updated  by  the  PSE  (e.g.. 
after  a  system  calibration).  The  task  "LDEAR"  provides  the  capability  of  selecting 
loading  blocks  of  EAROM . 

The  DUMP  task  is  used  by  the  PSE  to  selectively  interrogate  any  block  of  memory, 
whether  it  be  RAM,  ROM,  or  EAROM.  For  example,  this  feature  is  used  with  LDEAR  to 
read,  update,  and  restore  EAROM  after  a  calibration. 


EXPANDED  PROCESSING 

The  expansion  of  the  LCIGS  processing  capabilities  to  include  cross-axis 
compensation  attitude  and  velocity  algorithms,  and  navigation  functions  is  feasible. 
Several  alternatives  are  possible.  An  additional  processor,  which  is  also  augmented  by 
a  hardware  multiply  functio*  interfaced  with  tho  3P  output  port,  can  be  used  to  replace 
the  SP,  or  a  more  extonaivo  hardware  multiply  function  can  bo  added. 

The  current  SP  could  bo  replaced  with  the  M68000,  a  16-bit  MPU  that  contains 
hardware  multiply  functions,  and  a  control  bus  that  is  designed  to  connect  directly  to 
the  standard  M6800  peripheral  chips  used  in  tho  LCIGS  instrument  processors. 


CONCLUSION 

The  distributed  processing  implementation  in  LCIGS  provided  a  uniquo  level  of 
design  and  application  flexibility,  It  permitted  functional  hardware  partitioning 
with  instrument  Interchangeability  and  enables  considerable  growth  potential.  The 
dedicated  processing  also  allows  partitioning  of  software  to  manageablo  subsets  of 
"firmware"  that  are  isolated  from  mission-  or  weapon-related  changes.  Further,  the 
microprocessors  have  enhanced  testing  by  permitting  microscopic  checkout  capabilities} 
e.g.,  tho  processors  perform  their  own  test  control  and  data  acquisition. 

Microprocessor  implementations  do  prosont  constraints  for  the  software  designer. 
Because  of  the  microcomputer  limitations,  the  designer  must  effect  tradeoffs  betweon 
duty  cycle  and  memory  utilisation.  Often  table-lookups,  in  lieu  of  conventional 
processing,  become  a  required  time-saving  measure.  Similarly,  compromises  may  be 
required  that  replace  software  multiplication  with  simple  shifting  operations  in  order 
to  optimize  operating  speed. 

Finally,  program  development  software  for  microprocessors  has  not  yet  reached  tho 
general-purpose  computer  maturity  level.  For  example,  cross-assemblers  with  provisions 
for  independent  relocatable  subroutine  generation  and  linking  are  not  universally 
available.  Thus,  independent  development  of  programs  is  practically  impossible  and 
intensive  coordination  betwoen  programmers  is  roquired. 
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SUMMARY 

' — -/>•  Reliability,  redundancy,  and  survivability  are  key  issues  as  integrated  requirements 
for  flight  control,  fire  control,  propulsion  control  and  navigation  are  developed.  These 
integrated  systems  require  dependable  sources  of  inertial  measurement  data.  Current 
inertial  sensors,  however,  are  expensive  to  acquire  and  maintain,  dedicated  to  specific 
systems,  and  are  not  designed  to  meet  integrated  reliability,  redundancy,  and  surviva¬ 
bility  requirements.  The  Multifunction  Strapdown  Inertial  System  concept  uses  a  minimum 
number  of  inertial  sensors  in  a  survivable  configuration  to  provide  inertial  data  for 
flight  control,  navigation,  weapon  delivery,  cockpit  displays,  and  sensor  stabilization. 
Because  of  advantages  in  survivability,  life  cycle  cost,  maintainability  and  performance, 
the  Multifunction  Flight  Control  Reference  System  (MFCRS)  program  was  initiated  to 
verify,  through  flight  test,  on  a  McDonnell  Douglas  P-15  Eagle  the  key  issues  of  redun¬ 
dancy  management  and  flight  control.  A  redundancy  management  system  based  on  parity  equa¬ 
tions  was  designed.  The  sensors  were  arranged  in  two  skewed  and  dispersed  clusters. 
Each  cluster  was  an  orthogonal  triad  of  colocated  inertial  quality  ring  laser  gyros  and 
accelerometers.  Six  simulation  and  computer  studies  were  used  during  the  course  of  the 
program  to  develop  algorithms  and  to  predict  system  performance.  These  studies  indicated 
that  a  fundamental  problem  facing  the  MFCRS  concept  would  be  resolution  of  the  conflict 
between  effective  compensation  of  sensor  errors  and  maintenance  of  the  basic  F-15  flight 
control  stability  and  handling  qualities.  This  problem  was  compounded  by  the  inherent 
amplification  and  translation  of  sensor  errors  due  to  the  coordinate  transformations  and 
moment  arm  corrections  required  to  develop  body  axis  rates  and  accelerations  using  skewed 
and  dispersed  sensors.  Laboratory  testing  revealed  higher  than  predicted  noise  levels, 
while  tnls  noise  had  little  effect  on  navigation  performance  special  filtering  was 
required  for  MFCRB  to  prevent  false  alarms  and  high  frequency  actuator  response.  This 
filtering  affected  the  flight  control  stability  and  performance,  necessitating  modifica¬ 
tion  of  the  flight  control  design.  A  key  lesson  learned  is  that  integration  of  inertial 
data  for  fire  control,  flight  control,  navigation  and  propulsion  control  will  require 
close  coupling  and  coordination  between  functional  groups  to  resolve  performance 
conflicts  and  compromises. 
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1.  BACKGROUND 

Improvements  currently  being  developed  for  advanced  fighter/attack  aircraft  include 
Integration  of  flight  control,  fire  control,  navigation  and  propulsion  control  systems. 
Also,  flight  control  is  becoming  more  sophisticated  with  advances  in  trajectory  control 
and  automatic  terrain  following/terrain  avoidance  techniques.  As  those  advanced  develop¬ 
ments  proceed,  formerly  mission  critical  functions  are  becoming  flight  critical.  The 
high  reliability  and  redundancy  classically  associated  with  flight  control  must  be 
designed  into  these  integrated  systems.  Survivability  is  also  a  major  design  factor 
given  the  increase  of  the  number  and  quality  of  the  threat  air  defense  systems. 

Inertial  data  is  required  for  all  advanced  flight  control  techniques  and  is  a  key 
component  in  many  of  the  Integrated  systems.  As  shown  in  Figure  1,  most  current  opera¬ 
tional  fighters  obtain  inertial  data  from  a  number  of  different  sources  such  as  the  iner¬ 
tial  Navigation  System  (INS),  the  Attitude  Heading  and  Reference  System  (AHKS),  the 
Fltght  Control  Gyros  and  Accelerometers,  and  the  fire  control  Lead  Computing  Gyro  (LCU). 
These  sensors  are  dedicated  to  and  optimized  for  Specific  functions.  Current  generation 
inertial  sensors  do  not,  however,  meet  the  reliability  and  survivability  requirements 
that  integrated  systems  will  need.  For  example,  flight  control  sensors  are  not  con¬ 
sidered  survivable  when  the  gyros  are  clustered  at  a  single  location  near  the  primary  air¬ 
craft  bending  antinode  or  when  the  accelerometers  are  clustered  at  a  node.  Mission 
critical  sensors  such  as  the  INS  or  LCG  are  neither  redundant  nor  survivable.  This  will 
became  an  Increasingly  important  problem  as  the  INS  outputs  are  usod  to  generate  inputs 
to  the  flight  control/flight  management  system  to  perform  maneuvering  attack,  automatic 
terrain  following/terrain  avoidance,  or  night,  all  weather  control.  For  these  functions, 
the  inertial  sensors  are,  in  essence,  part  of  the  flight  control/flight  management  system 
and  should  be  designed  to  meet  the  rigorous  flight  control  safety  requirements.  Another 
problem  with  current  inertial  sensors  is  their  long  reaction  time.  Glmbaled  systems 
require  4  to  6  minutes  for  warm-up  and  alignment.  Current  inertial  systems  are  also 
costly  to  maintain.  This  is  due  in  part  to  the  fact  that  they  require  complex  platform 
electronics  to  support  the  electromechanical  glmbaled  devices.  Also,  each  unique  iner¬ 
tial  data  source  requires  a  dedicated  Interface  which  must  be  maintained  through  the 
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Figure  1,  CoorenUonal  Approach  to  tnartlai  Data  Requirement* 


existence  o£  aircraft  intermediate  shop  support  and  the  training  of  highly  skilled 
(ulntenance  personnel  in  each  specialty  field. 

The  Multifunction  Inertial  Reference  concept  shown  in  Figure  2  was  developed  to 
solve  these  problems  (1,2).  This  MFCRS  concept  is  an  innovative  approach  that  uses  a 
minimum  number  of  inertial  sensors  in  a  survivable  configuration  to  satisfy  tho  combined 
inertial  data  requirements  of  flight  control,  navigation,  weapon  delivery,  cockpit 
displays,  and  tensor  stsbilisation.  One  key  element  of  this  concept  is  the  Ring  Laser 
Gyro  (RLG) .  in  s  strspdown  configuration,  the  RLG  has  both  the  accuracy  required  for 
navigation  and  the  dynamic  bandwidth  required  for  flight  control.  The  strapdown  RLG 
assembly/cluster  is  also  less  complex  and  more  rugged  than  the  current  four  gimbal 
inertial  platform  since  the  RLG  is  a  solid  state  device.  The  other  key  to  thin  concept 
is  the  availability  of  high  spesd  digital  microprocessors.  Microprocessors  allow  the 
wide  variety  of  functions  required  of  the  Multifunction  System  to  be  calculated  in  real¬ 
time.  The  processor  does  fault  detection,  fault  isolation,  dynamic  reconfiguration, 
navigation,  flight  control  compensation,  and  the  data  management  required  to  interface 
with  other  systems. 

The  Multifunction  Strapdown  Inertial  System  concept  was  initially  Investigated  by 
the  Multifunction  inertial  Reference  Assembly  (MIRA)  program  (1,2).  Jointly  sponsored  by 
the  Air  Force  Wright  Aeronautical  Laboratories  Flight  Dynamics  Laboratory  and  Avionics 
Laboratory  the  MIRA  program  identified  potential  benefits  and  payoffs  for  a  late  19B0** 
production  system.  First,  reliability  and  mission  success  probabilities  would  b«  in¬ 
creased  for  ail  functions.  This  is  due  to  the  fact  the  system  could  provide  fail- 
operate,  fail-operate  flight  control  data,  and  fail-operate  navigation  and  weapon  deliv¬ 
ery  data.  The  NIRA  study  also  estimated  a  21*  decrease  in  life  cycle  cost.  This  was 
based  on  the  mean-time  between  failures  increasing  from  240  hours  to  1,670  hours  and  the 
mean-time  to  repair  decreasing  from  2.6  hours  to  1.4  hours.  Weight  would  also  decrease 
from  120  pounds  to  90  pounds  and  only  2  line  replaceable  units  would  be  required  instead 
of  1.  The  RLG  has  a  faster  turn  on  time  than  the  present  gimbaled  IMS  and  enaction  time 
could  be  reduced  to  i.S  minutes  for  gyrocompass  alignment  and  to  less  than  30  seconds  for 
stored  heading  alignment.  MIRA  also  predicted  a  301  improvement  in  combat  survivability 
when  the  sensors  were  dispersed  in  two  clusters.  Thase  benefits  and  payoffs  are 
summarized  in  Figure  3. 

These  increases  in  reliability,  survivability  and  redundancy  afford  the  opportunity 
to  eliminate  aircraft  intermediate  shop  (AIS)  maintenance  support  for  inertial  systems. 
They  are  also  required  to  support  ths  operational  readiness  of  advanced  weapon  system 
functions  such  as  integrated  fllght/flra  control,  terrain  following/terrain  avoidance, 
and  multimode  control  laws.  When  ths  MIRA  program  was  completed  in  December  1979, 
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several  key  Issues  had  been  Identified  that  could  not  be  resolved  In  HIRA's  limited 
laboratory  demonstrations.  The  Multifunction  Plight  Control  Reference  System  (HFCRS) 
program  mas  initiated  in  Hay  1980  to  examine,  through  flight  test,  the  key  inaues  of 
redundancy  management  of  skewed  and  dispersed  sensors  and  the  compensation  required  to 
uas  navigation  quality  RLG's  and  accelerometers  for  flight  control  reference  In  an 
advanced  high  performance  fighter.  A  contract  wae  awarded  by  the  Flight  Dynamics  labora¬ 
tory'  s  Flight  control  Division  (APWAL/PXG)  to  McDonnell  Aircraft  Company  (HCAIR)  to 
develop  and  flight  test  a  multifunction  unit. 

r.  baskunk  nes  ion 

the  hPCRS  program  is  intended  to  resolve  the  two  key  issues  of  redundancy  management 
and  flight  control  compensation.  To  meet  these  objectives  In  a  cost  effective  manner, 
two  AV-8U  prototype  RLG  navigation  unite,  the  Honeywell  Model  H421  Laser  inertial  Naviga¬ 
tion  System  (Figure  4),  were  choeen  as  motion  reference  units  (MRU's)  for  the  HFCRS 
program.  The  H421  is  a  atrapdown,  Schuler-tuned,  inertial  navigation  system  which 
provides* 

o  Navigation  position  data. 

o  True  heading. 

o  inertial  velocity  and  acceleration  vectors. 

o  inertial  attitude. 

o  Body  linear  accelerations  and  angular  rates. 

o  BIT. 


The  MRU's  were  modified  to  allow  inter-MRU  communication!  communication  with  the  aircraft 
instrumentation,  and  communication  to  the  flight  control  computers.  A  separate  HPCRS 
unit  called  the  Test  Management  panel  (THP)  was  built  to  serve  as  an  interface  between 
the  MRU’s  and  the  flight  control  computers,  and  as  an  input/output  device  for  the  pilot. 
Because  of  safety  considerations,  a  switching  unit  was  also  Installed  to  allow  selection 
of  either  the  production  aircraft  flight  control  sensors  or  the  MPCR8  sensors.  The 
resulting  HPCRS  design  will  provide  an  adequate  technology  base,  validated  by  flight 
test,  upon  which  design  recommendations  for  a  production  multifunction  prototype  can  be 
made. 


Figure  5  shows  the  components  of  the  MFCR8  in  the  P-15  test  aircraft,  HRU-A  is 
aligned  with  the  aircraft  axes  and  is  located  on  an  avionic  shelf  in  the  nose  barrel  of 
the  aircraft.  MRU-B  is  located  2.B  meters  aft  and  ia  skewed  60"*  about  its  cone  axis 
relative  to  the  aircraft  axes.  The  amount  of  separation  required  for  survivability  was 
determined  in  the  MIRA  program  to  be  at  least  .75  meters.  The  limited  number  of  avail¬ 
able  equipment  installation  locations  on  the  test  aircraft  resulted  in  the  largo  separa¬ 
tion  for  the  HPCRS  programs  however,  the  compensation  developed  for  this  separation  will 
demonstrate  a  worst  case  situation.  Demonstrating  this  worst  case  will  provide  addi¬ 
tional  flexibility  in  locating  these  components  in  a  now  aircraft  design.  The  skewing  of 
MRU  B  is  necessary  to  provide  the  redundant  inertial  information  required  to  perform  the 
two  fail-operate  redundancy  management.  The  sensor  geometry  obtained  in  the  installed 
MPCRB  configuration  provides  a  symetrlcal  array  which  allows  rates  or  accelerations  about 
any  axis  to  be  determined  using  a  linear  combination  of  any  three  of  the  six  sensors  of 
each  type  available.  This  geometry  is  illustrated  in  Pigure  6. 

Redundant  kinematic  Information  about  each  sensor  axis  can  also  lie  generated  using 
similar  transformations.  This  ability  to  replace  or  duplicate  any  sensor  in  the  array 
with  a  linear  combination  of  any  three  of  the  remaining  sensors  allows  the  use  of  parity 
equations  for  redundancy  management  decision  making.  A  parity  equation  is  created  by 
combining  two  solutions  for  rate  or  acceleration  about  a  single  axis  to  form  an  equation 
that  is  equal  to  zero  In  the  absence  of  sensor  errors. 

2.1  RBDUMDAMCy  MANAGEMENT  BASELINE  OBBKiB 


A  redundancy  management  system  was  chosen  that  compares  the  sensor  outputs  using 
parity  equations  (3,4).  As  shown  in  Figure  7,  the  results  of  the  sensor  comparison,  the 
parity  equation  residuals,  are  compared  to  trip  levels  and  the  results  used  to  select  the 
three  best  sensors  based  on  stored  tables.  This  approach  of  parity  equations  and  stored 
tables  has  a  low  processing  requirement  which  allows  the  existing  processor  to  be  used  at 
a  50  Hz  processing  rate.  The  two  key  aspects  of  the  redundancy  management  system  are  1) 
the  compensation  to  allow  sensor  outputs  to  be  compared  and  2)  the  generation  of  the 
stored  tables.  The  sensor  differences  that  act  as  error  sources  and  methods  of  compensa¬ 
tion  are  shown  in  Pigure  8. 

Moment  Arm  Effects  -  The  first  error  source  is  the  moment  arm  effect  caused  by  the 
separation  of  the  accelerometers.  The  sensed  acceleration  at  MRU  A  is  corrected  by  a  set 
of  deterministic  equations  to  the  MRU  U  location  so  the  outputs  can  be  compared. 
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Figure  5.  MFCRS  Equipment  Location  •  F-15  Eagia 
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Error  Source 

Compensation  Method 

e  Moment  Arm  Effects 
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e  Dither  Noise 

e  Structure)  Bending  Misalignments 

e  Bias 
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Figure  8.  Redundancy  Management  Error  Compensation 

Static  Misalignments  -  Static  misalignments  are  installation  errors  that  are 
normally  corrected  by  boresighting.  Because  of  limited  access,  the  separation  distance 
between  the  two  MRU's  and  the  complex  geometry,  boresighting  of  both  boxes  proved 
infeasible.  The  MFCRS  program  used  a  unique  approach  of  boresighting  just  one  box  and 
then  using  the  existing  navigation  alignment  algorithms  to  calculate  the  exact  installa¬ 
tion  orientation  of  each  MRU.  The  recalts  of  the  navigation  alignments  were  compared  and 
used  to  calculate  the  relative  orientation  of  the  MRU's  to  within  the  required  +1.5  arc- 
minutes.  This  method  of  making  corrections  for  static  misalignments  is  faster,  cheaper, 
and  more  accurate  than  conventional  boresighting  and  may  have  future  application  in  deter¬ 
mining  the  relative  orientation  of  remote  installation  mounts  for  other  systems. 

Mechanical  Dithering  -  The  third  source  of  error  is  noise  caused  by  the  mechanical 
dithering  of  the  RLG's  to  prevent  "lock  in*  at  low  angular  rates.  This  dither  noise 
affects  both  the  gyro  outputs  (by  aliasing  into  the  flight  control  frequencies)  and  the 
accelerometer  outputs  (by  causing  motion  of  the  sensor  block).  Dither  noise  in  the  gyro 
channel  also  couples  into  the  accelerometer  channel  through  the  angular  rate  and  angular 
acceleration  terms  in  the  moment  arm  equations.  The  gyro  outputs  require  extensive 
filtering  because  the  differentiation  process  to  get  angular  acceleration  amplifies  the 
dither  noiws  and  the  long  moment  arms  add  further  gain.  Gain  is  also  added  by  the  coeffi¬ 
cients  required  to  transform  the  MRU  B  outputs  to  the  aircraft  axes.  A  -60  dB  digital 
notch  prefilter  at  the  dither  frequencies  was  placed  in  the  gyro  path  aod  a  third-order 
analog  lag  prefilter  was  placed  in  the  accelerometer  path  to  attenuate  the  noise. 

Misalignments  due  to  structural  bending  -  The  next  error  source  is  the  misalignment 
between' the  two  MRU's  cau’oed~by"~a iFcraft^ anndi ng  dur S ng  high  g  maneuvering.  To  account 
for  this  misalignment,  the  trip  levels  that  the  .parity  equation  residuals  are-  compared 
against  are  scheduled  as  functions  of  the  sensed  rates  and  accelerations.  One  major: 
objective  of  the  flight  test  is  to  validate  the:  trip  level  equations  and  the  aircraft 
bending  models  upon  which  they  are  based. 

Bias  Errors  -  Sensor  biases  are  initially  accounted  for  during  turn  on  and  warm-up. 
by  caTcuiating  the  parity  equation  residuals  under  static  conditions  and  then  using  these 
residuals  as  bias  correction  factors.  Bias  correction  factors  are  continually  updated 
during  benign  flight  conditions  to  account  for  small  changes  in  sensor  outputs  over  time* 

With  all  of  the  errors  compensated,  any  miscempares  detected  by  the  parity  equations 
should  be  caused  only  by  incorrect  sensor  outputs.  As  mentioned  above,  the  status  of  the 
parity  equations  is  used  as  a  pointer  in  a  sot  of  look-up  tables  to  pick  the  best  sensor 
triad.  The  look-up  table  generation  was  done  by  an  off-line  computer  program  that 
relates  all  possible  parity  equation  states  to  the  sensor  that  is  most  likely  failed. 
Generation  of  the  redundancy  management  look-up  tables  is  discussed  more  fully  in  Section 
3.3. 


2.2  FUGHT  CONTROL  BASSUNK  (IBS  1GM 

The  other  key  issue  to  be  resolved  by  MFCRS,  the  flight  control  compensation,  is 
shown  in  Figure  9  and  consists  of  two  set*  of  moment  am  compensations  and  network 
compensations  for  the  selected  gyros  and  accelerometers  (4,5).  The  first  set  of  moment 
am  compensations,  as  discussed  above,  corrects  the  asnsed  acceleration  at  MRU  A  to  the 
MRU  B  location  for  redundancy  management.  The  second  set  of  equations  corrects  the 
selected  accelerometer  outputs  from  the  MRU  ft  location  of  the  location  of  the  production 
accelerometers.  This  second  compensation  allows  switching  between  the  production  and 
NFCttU  accelerometers,  and  avoids  any  change*  in  the  F-15  flight  control  computers.  The 
network  compensation  also  avoids  changes  in  the  flight  control  computers  by  compensating 
for  dynamic  bending  effects  In  the  feedback  loop  of  the  flight  control  system. 

Network  compensation  is  required  since  the  accelerometers  are  not  located  at  the 
primary  aircraft  bending  nodes  and  the  gyros  are  not  at  the  antinodes,  instead,  the 
accelerometers  and  the  gyros  are  clustered  so  the  system  can  navigate,  in  MFCRS  this 
caused  flight  control  system  sensitivity  to  aircraft  structural  modes  resulting  in 
unacceptable  stability  and  handling  qualities.  Using  the  baseline  F-15  gain  and  phase 
margins  as  design  goals,  the  open  loop  frequency  response  was  used  to  determine  the  net¬ 
work  filter  requirements  to  achieve  acceptable  performance.  A  IS  dft  notch  filter  was 
required  in  the  pitch  rate  and  normal  acceleration  paths  and  a  30  dB  notch  was  required 
in  the  roll  path.  Tfct  yav  path  did  not  require  compensation  based  on  the  open  loop 
frequency  response.  To  offset  the  effect  of  the  computational  delay,  a  3  dB  lag-lead 
network  was  placed  in  the  pitch  rate  and  yaw  rate  feedback  paths.  The  50  H*  computa¬ 
tional  cycle  that  was  used  by  the  navigation  program  appeared  adequate  for  both  the 
flight  control  compensation  and  the  redundancy  management. 
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3.  SIMULATION  AND  COMPUTER  STUDIES 

Simulation  arid  computer  studies  were  an  essential  part  of  the  MFCRS  program.  They 
provided  a  flexible  and  cost  effective  means  erf  developing  system  algorithms  and  formed 
the  basis,  validated  by  laboratory  and  flight  testing,  for  evaluating  performance.  The 
value  of  simulations  and  computer  studies  becomes  apparent  when  the  iterative  nature  of 
the  design  and  development  process  is  considered.-  The  simulations  and  computer  studies 
conducted  as  part  of  MFCRS  development  are  summarized  in  Figure  10, 
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3.1  iMOIKON 


the  Honeywell  developed  1)10 IKON  computer  program  provides  a  frequency  spectrum 
antiysl*  of  digital  and  continuous  control  system#*  Tit*  stability  end  performance 
characteristics  of  the  HPCfiS  pitch,  roll,  and  yaw  flight  control  systems  were  determined 
using  did  RON  at  flight  conditions  that  span  tint  ranac  of  dynamic  pressure*  likely  to  be 
encountered  in  the  P-15  flight  envelope.  Figure  U,  open  locp  frequency  response  of 
the  ftnel  MFCRS  pitch  control  systefe  tor  a  High  dyaastiq  pressure  flight  condition  was 
generated  using  the  DiOIKON  program.  This  progress  was  also  used  to  obtain  the  closed 
loop  frequency  and  damping  characteristics  of  predominate  rigid  and  elastic  body 

response  modes  of  the  F-15  control  system  »>s ina  MVCftS  sensors.  This  analysis  provided 
the  information  necessary  to  design  the  MFCRS  flight  control  compensation  networks.  The 
DIG IKON  analysis  was  repeated  several  times  during  the  iterative  design  process  leading 
to  the  final  HFCRu  configuration.  The  final  DIGIRCN  analysis  showed  that  the  basic  F-15 
flight  control  system,  using  MFCRS  generated  sensor  inputs,  amt  the  gain  end  phase 
stability  margin  requirements  summarised  in  Figure  12. 
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The  IBM  developed  Continuous  System  Modeling  Program  (CSMP)  was  used  to  model  the 
MFCRS  control  system  in  evaluating  time  history  system  performance  during  closed-loop 
operation.  The  program,  which  included  models  of  the  F-1S  airframe  and  flight  control 
system,  provided  a  means  of  comparison  between  the  time  history  response  of  the  MFCRS  and 
the  basic  F-1S  control  systems.  The  program  was  also  used  to  evaluate  the  performance  of 
the  MFCRS  redundancy  management  logic  during  dynamic,  closed-loop  operation.  Redundancy 
management  performance  characteristics  svaluated  using  the  CSMP  program  included  the 
Impact  of  transients  induced  by  sensor  rsconfiguratlon  on  aircraft  handling  qualities  and 
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safety,  and  the  effect  of  parametric  variations  (e.g,»  sensor  noise  and  sensor  misalign* 
ments)  on  redundancy  management  operation,  the  scheduled  trip  levels  used  in  making 
redundancy  management  decisions  were  designed  using  the  information  obtained  from  the 
CRMP  analysis,  information  from  the  CSM$>  study  also  led  to  a  restructuring  of  the  MFCRS 
operational  flight  program  to  minimise®  transport  delays  and  sensor  reconfiguration  tran¬ 
sients  and  to  a  kimpl if Ication  of  the  accelerometer  moment  arm  correction  algorithm,  the 
final  C3MP  analysis  shooed  a  close  similarity  between  the  time  history  response  charac¬ 
teristics  of  the  basic  P-15  and  the  MFCRS  control  systems.  The  analysis  also  Indicated 
that  the  redundancy  managment  logic  would  operate  satisfactorily  throughout  the  F-1S 
operational  envelope. 

3.3  PAR itV  tyQUAtlOR  K VALUATION  PROGRAM 

As  indicated  earlier,  the  MFCRS  redundancy  management  logic  compares  parity  equa¬ 
tions  to  scheduled  trip  levels  in  selecting  sensors  for  use  in  generating  the  flight 
control  outputs  and  in  detecting  failures.  The  equations  that  relate  sensor  failures  and 
parity  equation  states  can  be  either  interpreted  geometrically,  or  derived  rigorously 
using  the  greatest  Likelihood  Ratio  test.  References  3  and  4  contain  a  detailed  discus¬ 
sion  of  the  redundancy  management  system. 


A  computer  program  developed  by  the  Air  Force  Wright  Aeronautical  Laboratories  was 
used  to  evaluate  the  MFCRS  parity  equations  and  to  determine  the  relative  probability  of 
sensor  failures  for  all  combinations  of  parity  equation  residuals.  The  number  of 
possible  combinations  of  parity  equation  residuals  was  limited  by  the  use  of  trip  levels 
to  establish  only  two  possible  parity  equation  states:  1)  residual  larger  than  trip 
level  (failed)  or  2)  residual  smaller  than  trip  level  (non  failed).  The  number  of 
possible  parity  equation  statuses  was  further  limited  by  evaluating  only  selected  subsets 
of  the  15  parity  equations  available.  The  subset  evaluated  at  any  one  time  is  dependent 
on  the  sensor  failure  status. 

The  general  program  flow  of  the  computer  program  is  illustrated  in  Figure  13. 


QMMIOMt 


Figure  13.  Parity  Equation  Evaluation  Program 


The  computer  program  uses  the  linearily  independent  parity  equations  in  the  selected 
p-rity  equation  set  to  define  a  parity  equation  space  (independent  parity  equations  form 
ore.  tginal  basis).  The  dependent  parity  equations  and  the  failure  directions  of  all 
valid  sensors  are  defined  with  this  space.  (Figure  14  *nd  15)  The  program  then  performs 
a  point  by  point  evaluation  of  the  entire  space  to  determine  the  relative  probability  of 
failure  for  each  sensor  for  all  the  points  in  the  parity  equation  space, 


Figure  IS.  Sensor  Failure  Directions 
In  Parity  Equation  Space 
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The  sensor  selection  tables  used  in  the  MFCRS  redundancy  management  approach  were 
generated  by  selecting  the  sensors  whose  failure  directions  were  least  aligned  with 
vectors  from  the  origin  of  the  parity  equation  space  to  the  points  in  the  space  that 
resulted  in  each  particular  parity  equation  status.  The  fault  detection  tables  were 
generated  by  declaring  sensors  failed  when  their  failure  directions  were  aligned  with  the 
test  point  vectors  for  a  majority  of  the  points  that  resulted  in  a  particular  parity 
equation  status. 

The  validity  of  these  tables  was  verified  using  both  the  CSMP  and  Monte  Carlo  simula¬ 
tions.  Exhaustive  laboratory  testing,  over  a  period  of  approximately  eighteen  months, 
showed  that  the  MFCRS  redundancy  logic,  implemented  in  the  flight  hardware,  reliabily 
detected  and  isolated  both  real  and  simulated  sensor  failures. 

3.4  FORTRAN  TEST  CASE 

A  FORTRAN  version  of  the  MFCRS  operational  flight  program  was  developed  and  main¬ 
tained  by  MCAIR  throughout  the  program.  Aircraft  motion  inputs,  obtained  from  the  CSMP 
simulation  for  a  7G  rolling  pull-up  maneuver,  were  applied  to  the  FORTRAN  program  as  a 
"test  case".  The  same  motion  inputs  were  applied  to  the  operational  flight  pr  gram  code 
implemented  in  the  flight  hardware.  Intermediate  and  final  outputs  from  the  two  programs 
were  then  compared.  This  method  of  testing  was  instrumental  in  guarding  against  coding 
errors  and  ensuring  a  very  smooth  software  development,  one  of  the  keys  to  the  success 
of  this  approach  was  the  fact  that  the  software  for  the  MCAIR  simulation  and  the  opera¬ 
tional  flight  program  were  generated  by  different  individuals.  This  check  and  balance 
situation  ensured  design  quality.  The  other  key  was  the  absolute  requirement  that  all 
software  changes  must  be  incorporated  in  both  sets  of  software,  a  new  test  case 
generated,  and  the  results  compared  to  ensure  proper  coding. 

The  MFCRS  operational  flight  program  underwent  six  major  and  numerous  minor  revi¬ 
sions  during  the  iterative  design  process  leading  to  the  final  software  configuration. 
The  "test  case"  approach  to  software  verification  proved  invaluable  in  identifying  and 
isolating  coding  errors.  This  approach  also  proved  useful  in  resolving  conflicts  and 
clarifying  misunderstandings  as  new  requirements  evolved. 

3*5  MAN-IN-THE-LOOP  SIMULATION 

The  MCAIR  Manned-Air-Combat-3lmulator  (MACS)  was  used  to  evaluate  MFCRS  handling 
characteristics.  MACS  is  a  hybrid  facility  consisting  of  several  combat  domes  connected 
by  a  large  digital  computer.  Pilots  located  in  the  domes,  Figure  16,  can  fly  against 
each  other  or  against  realistically  structured  "canned"  target  maneuvers.  The  domes  are 
mechanized  with  integrated  controls  and  displays  and  function  through  the  use  of  an  exten¬ 
sive  library  of  computer  models.  These  models  reflect  both  aircraft  and  weapon  character¬ 
istics  and  generate  displays  which  portray  the  evolving  engagement.  The  F-15  aircraft 
and  Clighc  control  system  mathematical  models  used  in  the  MFCRS  studies  were  programmed 
into  the  simulation  computer.  A  complete  set  of  large  perturbation,  nonlinear  aerodynam¬ 
ics  data,  including  high  angle-of-attack  effects  for  the  F-15  aircraft,  makes  continuous 
flight  possible  throughout  the  flight  envelope.  The  simulation  also  included  a  detailed 
model  of  the  f-15  flight  control  system  providing  augmented  control  in  the  pitch,  yaw, 
and  roll  response  axes  of  the  aircraft. 

T^e  conclusion  of  the  first  man-in-the-loop  simulation  was  that  the  system  was 
stable  and  controllable  for  all  maneuvers.  However,  during  small  amplitude  stick  raps 
and  rudder  kicks,  the  MFCRS  system  was  slightly  less  damped  than  the  basic  F-15,  requir¬ 
ing  an  extra  half-cycle  of  oscillation  to  damp.  This  decrease  in  damping  was  traced  to 
the  3  dB  lag-lead  network.  Figure  17  shows  the  response  of  the  baseline  MFCRS  control 
system  to  half  amplitude  stick  raps  at  a  high  dynamic  pressure  flight  condition.  To 
increase  the  damping  and  maintain  desired  stability,  this  filter  was  replaced  with  a  5 
dB,  second-order,  lead-lag  network.  While  this  network  was  adequate  to  maintain  stabil¬ 
ity  and  performance,  analysis  indicated  that  performance  would  be  better  if  a  computation 
rate  between  80  and  100  Hz  was  used.  This  would  allow  a  sharper  roll  off  on  the  filters. 
The  use  of  existing  hardware  with  limited  processing  capability  denied  this  option  to  the 
MFCRS  program. 

A  second  man-in-the-loop  simulation  was  conducted  later  in  the  program  following 
incorporation  of  these  and  other  changes  identified  during  laboratory  testing.  The 
results  of  the  second  simulation  indicated  that  the  final  MFCRS  configuration  will 
provide  acceptable  performance  and  stability.  Figure  18  shows  the  response  of  the  final 
MFCRS  control  system  to  half  amplitude  stick  raps  at  a  high  dynamic  pressure  flight 
condition. 

3.6  MONTE  CARLO  SIMULATION 

A  statistical  basis  for  evaluating  the  performance  of  the  MFCRS  redundancy  manage¬ 
ment  logic  for  various  combinations  of  flight  condition,  sensor  failures  and  disturbance 
inputs  was  obtained  using  the  Monte  Carlo  simulation.  This  simulation  modols  both  the 
F-15  flight  control  system  and  airframe,  including  both  rigid  and  elastic  body  aerodynam¬ 
ics.  Closed-loop  system  response  characteristics  for  both  nominal  pilot  commands  and 
wind  disturbance  inputs,  as  well  as  aircraft  response  variations  due  to  flight  condition, 
were  Included  in  the  simulation. 
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Figure  IS.  Final  MFCRS  Control  Syetem  Retponee  to  Stlok  Inputs  at  a  High  Dynamlo 
Pressure  Flight  Condition 


The  aircraft  motion  inputs  generated  by  the  simulation  include  the  effects  of  sensor 
output  variations  due  to  quantization,  random  noise,  ring  laser  gyro  dither  and  misalign¬ 
ments  caused  by  static  bending  during  aircraft  maneuvers.  The  motion  inputs  are  then 
modified  to  include  scale  factor  and  bias  error  terms,  which  can  be  varied  in  a  randan 
fashion,  singly  or  in  combination,  to  provide  a  statistical  basis  for  determining  the 
effectiveness  of  the  MFCRS  redundancy  management  logic  in  detecting  and  isolating  sensor 
failures.  The  generation  of  the  aircraft  motion  inputs  is  illustrated  in  Figure  19. 

The  simulation  runs  in  an  open-loop  fashion,  applying  aircraft  motion  inputs  to  the 
MFCRS  logic  and  providing  statistical  data  on  sensors  selected,  failed  sensors  detected, 
failed  sensors  undetected,  false  alarms  and  system  status  (e.g.,  parity  equation  values, 
trip  level  values). 

A  key  element  of  the  Monte  Carlo  simulation,  which  aided  in  the  analysis  of  problems 
and  the  refinement  of  the  MFCRS  algorithms,  was  the  complete  emulation  of  the  equations 
implemented  in  the  flight  software.  This  included  the  signal  selection  and  fault  detec¬ 
tion  logic,  the  equations  for  accelerometer  moment-arm  compensation  and  the  flight 
control  network  compensation. 

4.  LABORATORY  TESTING 

Laboratory  testing  for  the  MFCRS  program  was  conducted  in  two  phases*  1)  environ¬ 
mental  feasting,  hardware/software  integration  and  acceptance  tasting  at  Honeywell,  and  2) 
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MAC  ■  Moment  Arm  Compensation 
MRU  •  Motion  Relerenoo  Unit 

PROD  •  Production  System  Response  {lor  reference)  onuxto-u 

Figure  19.  Monte  Carlo  Simulation-Generation  of  Sensor  Output  Signals 

integration  and  performance  testing  at  MCAIR.  Some  of  the  major  factors  that  impacted 
laboratory  testing  are  discussed  below. 

4.1  ENVIRONMENTAL  TESTING 

Vibration,  temperature/altitude,  electranagentic  interference  and  shock  tests  were 
performed  on  the  MFCRS  hardware  to  ensure  that  the  equipment  would  be  safe  when  installed 
on  the  F-15  aircraft  and  to  check  for  abnormal  behavior.  Design  changes  were  implemented 
to  correct  problems  uncovered  and  an  abbreviated  retest  was  conducted  following  equipment 
delivery  to  MCAIR,  The  final  MFCRS  configuration  performed  satisfactorily  in  all  areas 
except  for  navigation  performance  in  a  high  vibration  environment. 

Navigation  performance  was  slightly  degraded  during  random  vibration  testing  in  the 
Y  and  2  axes.  Navigation  accuracies  were  found  to  degrade  rapidly,  however,  when  the 
MRU's  were  subjected  to  sinusoidal  vibration  near  the  resonant  frequency  of  the  sensor 
assembly  shock  mounts.  This  problem  was  most  apparent  in  the  vertical  axis.  Preliminary 
investigations  suggested  that  the  problem  was  associated  with  the  shock  mount  configura¬ 
tion  and  the  sensor  assembly  balance.  Further  investigation  was  beyond  the  scope  of  this 
program. 

4.2  HARDWARE/SOFTWARE  INTEGRATION 

The  first  comprehensive  estimate  of  processing  spare  time  (including  a  walk¬ 
through  of  the  actual  code)  showed  that  the  processing  capability  of  the  system  had  been 
exceeded  by  approximately  10%,  This  problem  was  initially  sofved  by  scrapping  the  struc¬ 
tured  navigation  software  planned  for  MFCRS  in  favor  of  a  less  structured,  more  efficient 
version.  This  problem  reappeared  later  during  hardware/ software  integration,  complica¬ 
ting  the  design  process  and  limiting  the  scope  of  software  changes.  Figure  20  lists  some 
of  the  areas  where  system  performance  could  have  been  improved  had  additional  processing 
capability  been  available. 

The  final  version  of  the  MFCRS  operational  flight  program  uses  a  maximum  of  90%  of 
the  processing  time  available.  Even  though  the  use  of  existing  hardware  with  limited 
processing  capability  denied  many  options  to  the  MFCRS  program  and  complicated  the 
development  process,  the  final  system  was  able  to  meet  the  performance  objectives  of  the 
program,  thus  demonstrating  that  this  technology  is  feasible  using  current  processors. 

Test  data  obtained  during  the  initial  stages  of  software/hardware  integration  indi¬ 
cated  that  the  noise  due  to  RLG  dither  was  present  on  both  the  accelerometer  and  gyro 
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Figure  20.  Improvements  Foteible  With  Increased  Processing  Capability 


and  normal  acceleration  outputs  were  slightly  above  the  specification  limits  when  these 
signals  were  generated  using  worst-case  sensor  combinations.  The  noise  levels  in  the 
lateral  acceleration  outputs  (Figure  21),  however,  were  significantly  higher  than  speci¬ 
fied  maximums  for  all  but  the  best  sensor  combinations.  This  noise  was  large  enough  to 
cause  false  alarms  in  the  redundancy  management  system.  The  trip  levels  were  raised  to 
the  point  where  additional  increases  would  allow  sensor  failures  to  cause  aircraft  tran¬ 
sients  before  they  were  detected.  After  the  trip  levels  were  raised,  the  noise  in  the 
MFCRS  was  measured  in  an  end  to  end  test.  Results  showed  that  the  noise  was  still  out¬ 
side  specification  limits,  and  that  the  sixth  order  filter  was  not  providing  the  expected 
attenuation.  Analysis  showed  that  part  of  the  problem  was  RLG  quantization.  The  RLG 
measures  angular  rotation  in  discrete  increments  and  accumulates  these  discrete  rotations 
over  a  set  time  period  to  calculate  rate.  The  increment  to  which  the  rotation  is 
quantized  creates  quantization  noise  that  raises  the  gyro  path  noise  level  to  a  -30  db 
value  versus  the  -60  db  design  goal.  The  RLG  resolution  can  be  changed  to  reduce  the 
quantization  level,  but  the  effort  was  beyond  the  scope  of  this  program. 


Sensors  Used  to  Generate  Output 


Sr«941t»lt 


Figure  21.  leleral  Acceleration  1<r  and  Maximum  Nolae  Levels  -  Initial  Laboratory  Testing 

This  problem  does  n.t  affect  navigation  since  the  outputs  are  integrated  over  a  long 
period  of  time  and,  unlike  flight  control,  any  quantization  errors  average  out.  Clearly, 
any  future  system  must  consider  the  flight  control  requirements  in  the  design  of  the 
basic  sensors. 


In  addition  to  the  gyro  noise  coupled  into  the  accelerometer  path  by  the  moment 
arms,  the  accelerometer  path  also  had  more  noise  than  expected  with  the  third-order  lag 
prefilter.  Some  of  this  noise  appears  to  be  related  to  the  hardware  implementation 
method  rather  than  any  fundamental  phenomena.  A  careful  redesign  of  the  electronics  with 
awareness  of  the  noise  sensitivity  would  probably  eliminate  the  problem. 
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The  use  of  existing  hardware  and  the  limited  scope  of  the  program  did  not  allow  this 
comprehensive  fix.  instead  a  first-order  0.1  second  lag  filter  was  added  to  the  accele¬ 
rometer  path  and  the  parity  equation  moment  arm  compensation  was  changed  to  do  the  parity 
equation  comparison  at  a  central  location.  This  last  change  had  the  effect  of  shortening 
the  moment  arm  and  reduced  the  noise  in  this  path.  Minor  hardware  changes  were  also  made 
to  provide  isolation  in  the  accelerometer  electronics. 

Any  future  design  should  attempt  to  minimize  MRU  separation  in  excess  of  that 
required  for  survivability.  Another  solution  that  may  be  available  to  future  systems  is 
the  selection  of  a  redundancy  management  system  that  is  less  sensitive  to  noise.  This  is 
a  difficult  goal  to  achieve  since  the  sensor  reconfiguration  must  be  done  quickly  enough 
to  prevent  transients  in  the  flight  control  outputs.  Some  form  of  weighted  averaging  may 
allow  a  longer  time  period  for  decision  making 

Analysis  indicated  that  the  filtering  changes  implemented  to  alleviate  sensor  noise 
had  reduced  the  MFCRS  control  system  stability  margins  to  below  specified  minimums.  To 
maintain  stability,  the  gain  in  the  pitch  and  yaw  control  loop  had  to  be  scheduled  based 
on  dynamic  pressure.  Analysis  also  showed  the  5  dB  lead-lag  network  provided  some  gain 
of  the  accelerometer  noise.  The  use  of  gain  scheduling  allowed  elimination  of  this 
network.  Figure  22  compares  pitch  axis  stability  and  performance  at  a  high  dynamic 
pressure  flight  condition  for  the  baseline  MFCRS  control  system  and  the  MFCRS  control 
system  configuration  following  incorporation  of  changes  to  alleviate  noise.  As  shown, 
pitch  axis  stability  and  performance  have  been  maintained  at  this  most  demanding  flight 
condition. 
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Figure  32.  Pitch  Axle  Performance  and  Stability  -  Batalin*  and  Final  MFCRS  Control 
Systems  al  a  High  Dynamic  Pretaure  Flight  Condition 

These  changes  Illustrate  the  difficulty  of  integrating  multifunction  sensors  with 
existing  systems.  Multifunction  systems  should  not  be  inserted  directly  Into  current 
flight  control  systems  simply  as  a  sensor  replacement.  The  multifunction  system  is  part 
of  the  flight  control  loop  and,  to  derive  maximum  benefit,  the  implications  of  the  sen¬ 
sors  should  be  considered  in  the  complete  flight  control  design.  The  MFCRS  was  con¬ 
strained  from  modifying  the  flight  control  hardware  so  the  flight  control  system  could 
remain  compatible  with  the  existing  flight  sensors.  This  constraint  would  be  removed  in 

i  the  design  of  a  prototype  system, 

< 

These  problems,  solutions  and  ro commendations  are  summarized  in  Figure  23. 
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4.3  ACCEPTANCE  TESTING 


Acceptance  testing  at  Honeywell  was  a  comprehensive  series  of  performance  tests 
conducted  just  prior  to  equipment  delivery  to  MCAIR.  Navigation  performance  using  a 
standard  4  minute  and  30  second  alignment  was  consistently  better  for  both  MRU -A 
(normally  mounted)  and  MRU-B  (skewed)  than  that  specified  for  the  basic  F-15  INS.  Figure 
24  compares  the  peak  navigation  errors  during  navigation  runs  conducted  at  Honeywell  with 
the  F-15  specification  limit. 

MRU-A  MRU-B 


North  North 


Figure  24.  Peak  Velocity  Errors  During  42  Mlnuts  Navigation 
Runt  in  Honeywell  Laboratory 


j.  A  , 


Sensor  noise  levels  were  found  to  be  at  or  near  the  specification  maximums  for  pitch 
rate,  normal  acceleration  and  lateral  acceleration  when  worst  case  sensors  were  selected 
to  generate  the  outputs.  Rate  sensor  gain  and  phase  measurements,  obtained  using  a  two 
axis  rate  table  and  a  special  MRU  mounting  fixture,  matched  expected  values.  However, 
several  problems  were  uncovered  during  this  testing.  These  included  electronics  align¬ 
ment  performance,  synchronisation,  and  transients  when  simulated  faults  were  applied. 
All  of  these  problems  were  traced  to  implementation  errors  and  were  corrected  following 
equipment  delivery  to  MCAIR. 

4.4  INTEGRATION  TESTING 


The  HFCRS  equipment  was  Interfaced  with  a  production  F-15  flight  control  system 
(including  actuators),  a  mission  computer,  a  navigation  control  indicator  and  an  inertial 
navigation  system  following  delivery  to  MCAIR. 

During  statlo  noise  testing,  it  was  discovered  that  significant  actuator  motion 
resulted  from  the  noise  levels  present  in  the  MFCRS  outputs,  even  though  these  levels 
were  within  specified  limits  and  were  less  than  the  noise  levels  present  in  the  basic 

F-15  sensor  assemblies.  The  problem  was  traced  to  the  fact  that  the  frequency  of  the 

noise  in  the  MFCRS  outputs  was  much  lower  than  that  present  in  the  outputs  of  the  baslo 
F-15  analog  sensor  assemblies.  The  difference  was  due  to  quantization  introduced  by  the 
MFCRS  A/D  and  D/A  converters  and  the  relatively  low  50  Hz  sample  rate.  This  discovery 

led  to  another  round  of  design  changes  including  custom  scaling  of  the  accelerometer  path 
to  reduce  A/D  quantization,  hardware  modifications  to  reduce  ambient  noise  levels  and 
modifications  to  network  compensation  to  provide  an  ad  .tonal  6  dB  of  attenuation  at 
frequencies  above  the  notch  frequency. 

These  changes  reduced  the  noise  levels  on  the  MFCRS  analog  outputs  to  the  point 

where  notlcablo  actuator  movement  occurred  only  when  sensors  with  worst  case  geometry 
(largest  coordinate  transformation  gains)  wore  used  to  generate  the  flight  control 
outputs.  Figure  25  illustrates  the  noise  levels  present  in  the  most  sensitive  output, 
lateral  acceleration,  for  the  final  MFCRS  configuration.  Ground  testing  on  the  testbed 
aircraft  later  showed  that  the  actuator  motion  resulting  from  MFCRS  noise  was  acceptable 
and  would  not  be  dlocerriable  to  the  pilot.  This  round  of  design  changes  to  alleviate 
noise  is  another  clear  indication  that  noise  is  a  fundamental  problem  that  must  be 
addressed  in  tho  basic  design  of  future  multifunction  systems. 

4.5  PERFORMANCE  TESTING 

Navigation  testing  at  MCAIR,  Including  Scorsby  testing,  confirmed  the  excellent 
results  obtained  at  Honeywell.  Figure  26  shows  the  peak  velocity  errors  during  six 
navigation  runs  completed  at  MCAIR. 

The  electronic  alignment  procedure,  which  uses  the  navigation  alignment  capability 
of  the  MRU's  to  measure  their  orientation  relative  to  each  other,  proved  to  be  more 
accurate  than  anticipated.  This  allowed  the  procedure  to  be  simplified  by  reducing  the 
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Figure  25.  Lateral  Acceleration  1<r  and  Maximum  Nolaa  Levela  -  Final  MFCRS  Configuration 


unu-A  mru-b 


In  the  HCAIR  laboratory.  Figure  28  shove  the  same  information  for  the  electronic  align¬ 
ment  conducted  on  the  test  bed  aircraft.  Those  results  indicate  that  the  design  goal  of 
sensor  alignment  accuracy  to  1.5  arc-minutes  can  be  achieved  using  eight  (or  fewer) 
10-minute  navigation  alignments. 

Other  oricital  tests  performed  at  Honeywell  during  acceptance  testing  were  repeated 
in  the  HCAIR  laboratory  just  prior  to  aircraft  Installation,  This  testing  served  two 
purposes)  1)  verification  of  Honeywell  test  results  by  repeating  test  with  different  test 
personal  and  test  equipment  and  2}  verification  that  changes  incorporated  subsequent  to 
equipment  delivery  had  not  invalidated  earlior  results.  Fi.jure  29  summarizes  the  perform¬ 
ance  testing  conducted  at  HCAIR. 

5.  INTEGRATION  VS  INTERFACING 

Taken  together,  problems  discussed  above  point  to  a  fundamental  lesson  learned  in 
the  design  of  integrated  systems.  Currently,  systems  are  designed  for  specific  purposes 
and  are  made  to  Interface  with  other  systems.  The  navigation  units  available  for  the 
HFORS  teat  demonstration  were  designed  by  navigation  specialists  who  did  not  have  any 
flight  control  requirements  imposed  upon  them  at  that  time.  The  flight  control  special- 
lota  who  made  the  Initial  design  modifications  to  the  MRU's  were  not  fully  aware  of  some 
of  the  assumptions  made  in  the  basic  navigation  design.  True  integration,  as  shown  by 
this  program,  is  more  difficult, 
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Flour*  27.  Electronic  AUflnm«nl  In  MCAIR  laboratory 
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Flgur*  28.  Electronic  Alignment  on  t**tb*d  Aircrall 


?roup.  The  objective  of  this  group  would  be  to  interact  with  engineers  who  are  specul¬ 
ate  in  all  of  the  systems  being  integrated  in  order  to  find  and  resolve  conflicting 
requirements  early  in  the  design  stage.  To  carry  out  this  function,  excellent  communica¬ 
tion  must  exist  between  the  organisational  elements  responsible  for  flight  control,  fire 
control,  navigation  and  propulsion  control,  and  the  coordinated  effort  must  be  responsive 
to  the  influence  exerted  by  the  multifunction  integration  group.  Project  organization 
must  facilitate  these  requirements  for  communication  and  coordination. 


6.  FUTURE  PLANS 


The  testing  in  the  MFCRS  program  has  been  instrumental  in  identifying  problem  areas 
and  design  considerations  for  future  systems.  However,  there  are  still  questions  that 
cannot  be  answered  by  simulation  studies  or  laboratory  testing.  The  MFCRO  equipment  was 
Installed  on  a  F-15  testbed  in  late  1983.  Following  successful  ground  testing,  the  MFCRS 
system  will  be  flown  In  early  HU  to  aualuata  aircraft  stability  and  handling  qualities, 
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focus  on  two  key  areas*  flight  control  and  redundancy  management  performance.  Stability 
and  handling  qualities  evaluations  will  answer  the  question  of  how  well  separated  sensors 
at  non-optimal  locations  can  be  used  for  fighter  flight  control.  Fault  coverage  and 
reconfiguration  transient  evaluations  will  hinge  on  how  well  the  effects  of  structural 
bending  and  differential  vibration  have  been  modeled  and  compensated  for  in  the  redund¬ 
ancy  management  algorithm. 

7.  CONCLUSIONS 

The  Multifunction  Flight  Control  Reference  System  concept  addresses  the  problems  of 
current  systems  that  require  inertial  data  and  provides  for  the  neede  of  future  systems. 
The  HPCRS  program  uses  existing  hardware  to  demonstrate  the  concept  in  a  cost  effective 
manner. 

A  redundancy  management  system  using  parity  equations  has  been  developed  for  the 
separated  sensors.  One  key  aspect  of  the  redundancy  management  is  the  use  of  an  off-line 
program  to  relate  parity  equation  status  to  the  moat  likely  failed  sensors.  This  off¬ 
line  program  reduces  the  real-time  processing  requirements  to  allow  use  of  an  existing 
processor.  To  support  the  redundancy  management  system,  a  one  time  electronic  alignment 
procedure  has  been  developed  and  implemented  to  determine  the  relative  orientation  of  the 
two  sensor  clusters  to  within  +1.5  areminutee.  This  electronic  alignment  procedure  is 
faster,  choaper,  and  more  accurate  than  current  optlcal/mochantcal  boresighting 
procedures  and  has  potential  for  application  in  other  proyrams. 

Simulation  and  computer  studies  were  an  essential  part  of  the  NFCR3  research  and 
development  program.  The  value  of  simulations  and  computer  studies  in  providing  a 
flexible  and  cost  effective  means  of  developing  system  algorithms  and  evaluating  design 
options  becomes  apparent  when  the  iterative  nature  of  the  design  and  development  process 
is  considered.  simulation  and  computer  studies  also  formed  the  basis,  validated  by 
laboratory  end  flight  testing,  for  evaluating  KPCttt  performance. 

Flight  control  and  redundancy  management  compensation  has  been  developed,  imple¬ 
mented  and  simulated  for  a  worst  case  sensor  separation.  The  software  for  the  redundancy 
management  and  flight  control  was  successfully  developed  and  coded.  A  key  to  the  success¬ 
ful  software  development  was  the  use  of  a  test  case  to  validate  the  original  code  and  all 
subsequent  changes. 

The  results  of  tusting  have  shown  that  noise  caused  by  RLti  dither  is  a  severe 
problem  for  flight  control  redundancy  management.  Noise  attenuation  should  be  addressed 
in  the  basic  system  design.  Testing  has  also  shown  that  a  multifunction  system  must  be 
considered  as  part  of  the  flight  control  loop  and  the  overall  flight  control  system 
design  must  consider  issues  peculiar  to  the  multifunction  system. 

The  suggested  management  technique  to  design  future  integrated  systems  will  be  to 
use  a  strong  systems  integration  group  to  Interact  with  and  be  part  of  the  design  team. 

Future  testing  on  an  F-15  aircraft  will  provide  data  so  the  key  areas  of  flight 
control  and  redundancy  management  performance  can  be  evaluated. 


The  design,  development,  and  testing  of  the  MFCRS  to  date  has  not  shown  any  basic 
flaws  with  the  multifunction  concept,  but  has  provided  valuable  insights  for  future 
designs  of  integrated  systems. 
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SUMMARY 

r-'  After  systems  hardware  description  the  attitude,  heading  and  vertical  loops  are 
discussed.  System  simulation  results  are  compared  with  flight  test  results  achieved 
during  A  300  84  FFC  flight  certification  and  BMFT/L1TEF  sponsored  flight  tests. 
Techniques  for  further  system  improvements  are  shortly  described. ^ _ _ 

LIST  OF  SYMBOLS  . 


e  ■  gyroscope  bias 
h  *  altitude 

h  ■  Reference  altitude 
r 

V  •  Reference  velocity 
r 

V  ■  Velocity 

R  ■  Radius  of  earth  (6373,388  km) 
0  *  Earthrate  (0,26253  rad/h) 

0  •  Roll  angle 
0  •  Pitch  angle 

ti*  ■  Heading  angle 


ti/m  ■  Heading  angle.magnetic 

P  =  Rollrate 
Q  ■  Pitchrate 
R  *  Yawrate 

0  ■  Linear  Acceleration  along  the  Roll  Axis 

f  =  Linear  Acceleration  along  the  Pitch  Axis 

W  *  Linear  Acceleration  along  the  Yaw  Axis 

uis  <*  Sthulerfrequency  V*97^ 

g  »  Gravityconstant  9,81  ®/sec 
9  ■  Accelerometer  bias 


LTR-Bl  AHRS  OVERVIEW 

The  LTR-81  is  a  member  of  the  ARINC  70S  AHRS  tTR-80  Family  and  consists  of  an 
Attitude  and  Heading  Reference  Unit  (AHRU),  a  Magnetic  Sensor  Unit  (HSU),  an  optional 
Compass  Controller  Unit  (CCU)  and  an  optional  Remote  Magnetic  Compensator  Unit  (RMCU). 

Hi  thin  the  AHRU  are  the  inertial  Instruments,  instrument  clectronies,  computer  module 
with  associated  memory,  power  supply  and  the  electronic  circuitry  required  for  interface 
of  the  AHRS  with  other  aircraft  avionic  systems.  The  HSU  consists  of  a  magnetic  flux 
valve  to  detect  the  direction  of  the  earth's  magnetic  field,  the  CCU  contains  controls 
and  annunciators  to  facilitate  manual  slaving  of  the  AHRU  to  the  H$u  when  operating  the 
AHRU  in  its  directional  ayro  mode  (00).  The  RMCU  contains  provisions  to  power  the  HSU, 
resolve  its  output  into  sine  and  cosine  components  and  provide  compensation  for  fixed 
aircraft  installation-related  magnetic  disturbances,  A  typical  aircraft  installation  con¬ 
tains  three  AHRU's,  two  MSU's  and  two  RHCU's.  Typical  AHRS  Outline  and  mounting 
requirements  are  shown  in  Figure  1. 


IV  T 


CCU 

RMCU) 

Characteristic 

AHRU 

N5U 

(Optional) 

(Optional) 

weight 

28.6  lb 

1.8  lb 

0.0  1b 

1.2  lb 

Dimensions 

7.64  in.H 

2.5  in.H 

1.5  In.H 

2.23  in.H 

10.09  in.W 

5,0  in  ,W 

5.75  in.W 

7.74  in.W 

12.72  in .  D 

4.0  in.U 

4.432  in.O 

4.06  in.O 

Power  Dissipation 
Cooling 

(0  HtU) 

100  W  (nominally  loaded) 
16  CFH  ®  1/2“  of  water 

none 

none 

none 

pressure  drop 

8  HCU  Tray 

ARINC  705 

ARINC  70S 

ARINC  705 

Mounting 

ARINC  600 

Altachm.7 

Attachm. 13 

Attachm, 12 

Input  Power 

USV,  400Hz ,  single  phase 

-  - 

Figure  1  AHRS  Outline  and  Hounttng  Requirements 


SYSTEM  OPERATION  ft.MO  INPUTS  AND  OUTPUTS 


The  AHRS  is  mechanized  as  a  fixed  gain  third  order  system  for  the  level  and 
vertical  channel  and  as  a  second  order  system  for  heading.  A  four  state  kalman  filler  is 
implemented  to  provide  ground  track,  ground  speed,  horizontal  velocity  components,  drift 
angle,  flight  path  angle,  magnetic  track  angle,  wind  speed  and  direction,  provided  valid 
VOR/UHE  Information  is  available  from  other  aircraft  avionics.  After  turn  on,  the  system 
will  automatically  align  to  the  local  vertical  in  pitch  and  rail,  to  the  output  of  the 
HSU  in  heading  and  to  the-  barometric  altitude  in  the  vertical  channel.  After  3  min  of 
alignment  the  system  enters  the  Normal  Mode.  A  System  Block  Diagram  is  shown  in  Figure  2. 


Inputs  to  the  system  arc: 


USV,,  aoouz  ilaula  phase  primary  cone 


-  “Standard  Ground"  control  Input  pins 

-  True  Airspeed  (TAS) 

-  Barometric  Altitude 

-  Very  high  frequency  Omni  Range  (VOR) 

-  Distance  Measuring  Equipment  (DME) 


figure  2  System  Block  Diagram 

The  VOR/0N6  inputs  are  not  required  to  operate  the  AfcRS  in  the  "Normal  Mode"  as 
defined  In  «U«C  70S, 


Presently  two  ITR-81  configurations  are  in  production:  ....  _  ,, 
LTH-61  Partnunber  106  70«  it-iiatled  in  Airbus  A  300  04  forward  fating  Cockpit  aircraft 
and  tTR-Sl-01  Partnuttber  113  100-1001  installed  in  HcBonnel  Douglas  MU-BO  aircraft. 

In  the  Airbus  version  the  AHttU  interfaces  with  two  AR1NC  706  air  data  systems, two 
AR1NC  IDU  ONE  aid  two  ARlNC  711  VOR  systems,  while  in  the  NO-dO  version  the  interface  to 
{Kwo  air  dati  sy??e-.s  IS  made  through  A«{h'C  575  busses  and  the  VOR/OHt  .nputs  -re  not 
provided  by  the  aircraft  avioiics. 


The  digital  outputs  are  shown  in  Table  1.  These  outputs  are  in  ,iccorda«co 
with  AR1HC  705. 


In  addition  to  these  digital 
and  three  wire  outputs  in  accordance 


outputs  both  AHRS  configurations  provide 
with  ths.  specific  aircraft  requirements 


AS  INC  561. 


analogue 

and 


two 
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HARDWARE  DESCRIPTION 

The  MSU  is  a  standard  magnetic  flux  valve  sensing  unit  and  has  so  far  been 
provided  by  the  aircraft  companies. 

The  RMCU  as  installed  in  the  A  300  B  4  FFC  is  shown  in  Figure  3. 


Figure  3  Remote  Magnetic  Compensation  Unit 

The  MD-80  installation  does  not  require  a  RMCU  and  the  necessary  scott-trans 
formers  are  incorporated  in  the  L TR - 81-01  AHRU,  The  LTR-81  AHRU  is  shown  in  Figure  4 
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Figure  7  K-273  Dynamically  Tuned  Twin  Axis  Gyroscope 


K-273  Characteristic  figures  are  presented  in  Table  2  below. 


Type  Two-degree-of-f reedom 

Weight  250  gms 

Size  1.8  in.  diameter,  2  in.  long 

Motor  Type  3-phase  hys teres i s- synchronous 

Time  Constant  5  seconds 

Runup  Time  <  30  seconds 

Torquer  Scalefactor  0.3  ±  0.1  degree/sec/inl  1 1  i  ampere 

Torquer  Nonlinearity  ±0.2*  max 

DC  Torqulng  Current  *0.5  A  continuous,  ±1  A  max 

Torquer  Misalignment  <  1  degree 

Spin  Exitation  Frequency  720  Hz  ±  10* 

Spin  Exitation  Voltage  20  V  ±0.5  V  pp  line  to  neutral 

Spin  Power  9  watts  max 

Random  Drift  0,3  degrees/hour 

"g"  Sensitive  Drift  Repeatability  0.3  degrees/hour/g 

Table  2  K-273  Gyroscope  Characteristics 

As  the  AHRS  uses  two  two-degree-of-freedom  gyroscopes  the  redundant  gyro  axis  is 
'sed  to  perform  a  very  powerfull  test. 

It  should  be  mentioned  that  the  sensor  block  is  hard  mounted  to  the  AHRU  chassis 
in  the  A  300  114  FFC  Installation  and  due  to  higher  environmental  (shock  &  vibration) 
stresses  In  the  MD-00  Isolated  by  means  of  shockmounts  in  the  LTR-01-01  version. 

Duo  to  the  largo  usage  of  the  LITTON  A-2  accelerometer  made  in  commercial  aircraft 
inertial  navigation  systems  like  LTN-72  no  specific  attention  is  given  to  that  instrument 
in  this  paper, 

The  Computer  Module  (CPM)  is  a  self  contained  general  purpose  single  board 
computer  utilizing  two  Z-8002  microprocessors.  The  logic  on  board  provides  the  clock, 
control  and  buffering  circuit  to  enable  the  two  microprocessors  to  be  the  system 
contro 1 1 ers . 

Thu  board  also  contains  20  k  x  16  bit  of  program  memory  and  3  k  x  16  bit  of 
scratch  pad  area.  As  illustrated  in  Figure  8  the  modulo  is  organised  for  distributed 
processing  with  CPU  //  1  being  dedicated  to  computation  tasks  while  CPU  //  2  is  dedicated 
to  service  all  input-output  functions.  Since  each  computer  has  its  own  adross  and 
databus,  they  may  operate  asynchronously. 
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SYSTEM  MECHANIZATION 

The  mechanization  schematic  is  shown  in  Figure  9. 
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Figure  9  LTR-81  Mechanization  Schematic 

This  mechanization  schematic  briefly  conveys  Information  of  the  Interconnection 
of  the  main  computational  tasks.  It  can  be  seen  that  the  Instrument  outputs  are  compen¬ 
sated  for  all  errors  which  can  be  measured  at  the  system  level.  It  should  be  noted  that 
Instruments  always  Include  their  appropriate  caging  electronics  when  looked  at  from  a 
systems  point  of  view. 

Due  to  specific  caging  and  digitizing  schemes  used  angular  increments  and  velo¬ 
city  Increments  are  processed.  In  order  to  provide  body  angular  rates  and  body  accelera¬ 
tion  a  division  by  At  Is  performed.  As  no  "Anglo  of  Attack"  and  “Side  Slip  Angle"  Is 
provided  "TAS"  could  not  be  resolved  exactly  In  the  body  coordinate  frame  but  It  was 
found  that  this  shortcoming  could  be  neglected  in  lieu  of  the  system  performance  required. 

For  simplicity  the  cut-out- log ic  and  the  mode  switching  as  contained  In  the  actual 
LTR-81 ■  LTR-81-01  AHRS  will  be  neglected  in  the  following  discussion  of  the  Initial  align¬ 
ment  and  the  system  augmentation, 

Besldos  the  "Initial  Alignment"  the  AHRS  performs  In  the  "Normal  Mode"  with  TAS, 
Magnetic  Heading  and  Barometric  Altitude  provided.  The  system  will  be  switched  Into  the 
“DG-Mode"  whenever  the  Magnetic  Heading  is  not  available  -  either  it  Is  cut  out  intentio¬ 
nally  In  maneuvers  to  p/event  flux  valve  errors  effecting  the  output  heading  or  it  fails. 
The  system  switches  Into  the  "Basic  Mode"  whenever  “Air  Data"  (TAS  l  Barometric  Altitude) 
Is  not  available. 

A  hysteresis  is  implemented  to  prevent  the  system  from  following  Air  Data 
transients.  For  simplicity  again  the  very  extensive  SITE  processing  contained  in  the 
actual  system  to  provide  the  required  confidence  in  the  software  reliability  for  "CAT  Ill" 
and  "Autoland"  procedures  will  be  neglected.  As  no  latitude  Is  provided  by  the  aircraft 
avionics  the  system  must  be  able  to  estimate  the  respective  earthrate  components.  This 
requires  integrating  feedback  loops  which  are  used  to  estimate  the  respective  gyro  bias 
components  as  well.  The  choice  or*  time  constants  Is  then  a  compromise  between  the  steady 
state  accuracy  and  the  tolerable  transients  caused  by  the  aircraft  dynamics,  because  the 
fixed  gain  system  Is  always  dynamically  incorrect  but  simple. 

INITIAL  ALIuNHENT 

The  "Initial  Alignment"  phase  is  In  principle  required  to  establish  the  reference 
coordinate  system  In  the  navigation  or  local  horizontal  frame  and  consists  of  the 
levelling,  the  earthrate  and  gyroscope  bias  estimation,  heading  determination  and  the 
vertical  loop  alignment.  Levelling  Is  performed  during  gyroscope  run  up  time. 
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HORIZONTAL  LOOP 

Based  on  the  horizontal  loop  error  block  diagram  III  presented  In  Figure  10, 


Figure  10  Horizontal  Loop  Error  Block  Diagram 

it  Is  easily  seen  that  for  the  steady  condition 
5V  (t*«)  ■  6VyR 


$x  (t-*®) 
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(2) 


6B  (t+®)  ■  nx  ♦  ex  • 


4  V 


JEflL 


(3) 


with  ^vyR  «  nx  ♦  cx 

earthrate  and  gyroscope  bias  components  are  estimated. 


For  the  “Initial  Alignment"  It  Is  required  that  the  aircraft  Is  kept  stationary 
and  enough  time  (100  sec)  Is  available  to  estimate  gyro  bias  and  earthrate  components 
accurately  enough.  This  should  be  no  problem  for  a  transport  aircraft. 

During  the  “Initial  Alignment"  Vg  is  set  to  zero  and  the  system  time  constants  are 
selected  to  achieve  a  quick  and  reliable*  earthrate  and  gyroscope  bias  estimation  even  In 
the  presence  cf  unavoidable  aircraft  disturbances  due  to  wind  buffeting  and  /  or  aircraft 
loading. 

It  is  well  understood  that  a  kalman  filter  design  could  have  enhanced  the  system 
performance  but  as  the  required  performance  could  be  achieved  with  a  much  more  simple  fixed 
gain  system  the  simplest  possible  design  was  chosen.  For  the  reasoning  given  above  the 
alignment  phase  Is  divided  Into  two  parts.  Phase  1  with  a  system-  time  constant  of  5  sec 
lasts  for  30  sec  and  provides  a  rapid  earthrate  and  gyroscope  esVimation,  This 
phase  Is  followed  by  Phase  II  with  a  system  time  constant  of  30  sec  for  the  remaining 
150  sec  of  alignment.  During  this  period  the  earthrate  and  gyroscope  bias  estimation  Is 
sett.led  to  Its  final  value  and  any  aircraft  disturbances  which  might  have  been  occured 
during  Phase  l  are  completely  eliminated  within  the  performance  requirements  limits. 
Aircraft  disturbances  which  might  have  been  introduced  In  Phase  11  are  of  negligible 
effect  to  the  system  performance.  After  the  100  sec  of  alignment  have  been  elapsed  the 
system  automatically  enters  the  "Normal  Node*. 

HEADING  LOOP 


Based  on  the  Heading  Loop  Error  Block  Diagram  / 1 /  presented  in  Figure  11, 
one  can  find  that  for  the  steady  state  condition 

4*  (t**)  ■  (4) 

43  (t*«)  -  ilj  ♦  et  (6) 

and  therefore  the  system  estimates  the  vertical  earthrate  and  the  appropriate  gyroscope 
bias.  As  heading  rate  and  earthrate  to  be  estimated  could  easily  be  In  the  same  order  of 
magnitude  the  Phase  I  and  1!  systems  time  constant  Is  40  see.  After  the  180  sec  of  align- 
oent  have  been  elapsed  the  "Normal  Mode"  Is  entered  automatically. 

With  the  hi as  Integrator  Implemented  in  the  heading  laep  thn  J-gyrn  hlas.  util  nnt 
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Figure  11  Heading  Loop  Error  Block  Diagram 
VERTICAL  LOOP 


Based  on  the  Vertical  Loop  Error  Block  Diagram  /!/  provided  In  Figure  12  f 


Figure  12  Vertical  Loop  Error  Bloek  Diagram 
wo  got  for  the  steady  state  condition 
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Advantageous  in  this  third  order  mechanization  Is  the  estimation  of  z-aeceleroraeter  bias, 
the  domination  of  vertical  velocity  errors  and  the  altitude  errors  are  the  reference 
altitude  errors,  During  alignment  the  reference  altitude  is  set  to  aero  and  a  30  sec  tlsse 
constant  is  Implemented,  After  180  sec  of  alignment  have  been  olapsed  the  loop  enters  the 
“Normal  Node"  automatically. 

NORMAL  HOPE 


For  the  horizontal  loop  or  level  channels  the  only  difference  to  the  alignment 
mechanization  is  the  system  time  constant  and  the  appropriate  TAS  component  for  augmen¬ 
tation  purposes.  The  proper  selection  of  the  system  time  constants  depends  very  much  on 

the  vehicl  dynamics  and  the  gyroscopes  error  figures.  Furthermore  transient  effects 
during  "Take  Off"  when  TAS  is  made  available  at  approximately  110  knots  must  be  mini- 
mi zed.  This  all  led  to  a  system  time  constant  of  240  see  in  the  "Normal  Node". 

The  only  difference  between  alignment  and  Normal  Mode  for  the  heading  loop  is  the 
system  time  constant.  Again  the  criteria  for  the  time  constant  selection  arc  the  gyro¬ 
scope  drift  figures  and  the  dynamic  behavior  of  the  M5U,  In  addition  to  this  cut-out- 
levels  needed  to  be  defined  to  prevent  HSU-errots  effecting  output  heading  performance. 

Due  to  the  excellent  low  drift  characteristic  of  the  K-273  used  a  large  time  constant  of 
200  sec  could  be  selected  and  the  cut-off-levels  could  be  set  that  during  aircraft 
maneuvres  the  system  enters  the  "DG-Hode“  most  of  the  time. 

In  the  vertical  loop  a  SO  sec  time  constant  is  selected  and  the  barometric  alti¬ 

tude  is  the  reference  altitude. 

It  must  be  pointed  out  that  the  selected  mechanization  depends  on  the  accuracy 
and  quality  of  the  sensors  used  for  system  augmentation.  On  the  other  hand  the  mechani¬ 
zation  implemented  offers  the  opportunity  to  achieve  considerable  good  system  accuracy 
with  considerable  cheap  instruments  of  appropriate  accuracy. For  example  gyro  bias  tempe- 

_ V i a  _  1  1  A i  a  _ -1 a  1—  ai i  T  is  ill  ?  i a — .  - _  *  \  -  a  *1 1  1  a  - 
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DG-MODE 

As  already  mentioned  this  mode  is  entered  automatically  whenever  the 
MSU  signal  is  not  available. 

BASIC  MODE 

This  mode  is  entered  automatically  whenever  "Air  Data"  (TAS  &  Barometric  Altitude) 
is  not  available  for  more  than  5  minutes.  In  this  mode  the  horizontal  loops  are  reduced 
to  a  critical  damped  second  order  loop  with  a  time  constant  of  15  sec  and  the  vertical 
loop  is  reduced  to  a  second  order  critically  damped  loop  with  a  15  sec  time  constant 
as  well. 

SYSTEM  MECHANIZATION  ENHANCEMENT  POSSIBILITIES 


During  the  LTR-81  design  phase  extensive  error  simulations  were  carried  out 
based  on  a  six  degree  of  freedom  simulation  program  developed  at  LITEF.  The  flight  profile 
used  was  comprised  from  inputs  received  from  various  sources  including  Deutsche  Lufthansa 
and  Aeroproducts  Division  of  Litton  Industries  (ADP).  The  goal  was  to  design  the  most 
realistic  profile  probable. 

Since  these  early  days  of  LTR-81  design  discussions  are  in  progress  how  the 
system  performance  could  be  enhanced  if  required.  There  are  several  ways  how  this  could 
be  accomplished  without  Increasing  inertial  instruments  performance  requirements.  First 
the  dynamically  Incorrect  but  simple  fixed  gain  system  could  be  replaced  by  a  sophisti¬ 
cated  optimal  gain  system.  Second  the  necessity  to  use  a  magnetic  heading  reference 
could  be  eliminated  by  Implementing  a  multi-position  gyrocompasslng  scheme.  This  mecha¬ 
nization  offers  a  very  good  heading  determination  accuracy  with  medium  to  low  accurate 
gyroscopes  because  the  random  and  day  to  day  drift  repeatability  of  the  gyros  are  compen¬ 
sated  for  the  price  of  an  accurate  turn  table. 

In  the  meantime  a  15  state  kalman  filter  has  been  rigorously  tested  In  a  simulated 
highly  dynamic  helicopter  environment.  Additionally  multi-position  gyrocompass  mechaniza¬ 
tions  have  been  designed  and  they  are  ready  for  Implementation  If  required  by  system 
performance  specifications. 

Using  the  Inertial  Instruments  available  to  LITEF  there  is  presently  no  need  to 
enhance  the  LTR-81  mechanization  in  order  to  meet  the  system  performance  specification 
presented  In  Table  1. 

SOFTWARE  DEVELOPMENT 

The  software  was  developed  following  the  TQP-Down-Design  Philosophy.  This  will 
give  the  necessary  visibility  to  the  approving  agencies.  The  schematic  development  process 
is  shown  In  Figure  13.  Due  to  real  time  requirements,  real  estate  allocated  for  the  CPM, 
and  software  verification  requirements  assembler  language  with  very  strict  coding  rules 
was  used,  Software  tools  have  been  developed  to  support  design  reviews,  configuration 
and  chance  control  and  visibility  from  requirements  to  test  and  vice  versa.  A  detailed 
description  ft*  the  methods  used  can  bo  found  in  /2/, 
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AHRS  CERTIFICATION  AND  FLIGHT  TEST  RESULTS 


The  LTR-81  has  been  certified  for  Installation  In  the  A  300  B  4  FFC  aircraft 
since  April  1982  and  the  LTR-81-01  has  been  certified  for  Installation  In  the  MD-80 
aircraft  since  December  1983.  TSO's  for  both  versions  are  expected  to  be  granted  in  the 
very  next  future.  The  equipment  has  been  classified  "Flight  Critical"  and  the  required 
rigorous  software  verification  In  accordance  with  RTCA  DO-178  has  been  performed  success¬ 
fully  with  BOCA  (Bureau  Officlelle  de  Certification  Airbus)  and  FAA.  The  Airbus  version 
Is  In  service  since  April  1982  and  has  since  then  accumulated  more  than  50,000  operating 
hours  and  a  hardware  reliability  (MT8F)  of  more  than  5,000  hours  has  been  achieved.  The 
software  has  not  been  touched  since  certification. 

The  operational  integrity  of  the  two  AHRS  configurations  was  demonstrated  through¬ 
out  the  environmental  tests  designed  In  accordance  with  RTCA  D0-160  A  and  the  specific 
aircraft  manufacturers  requirements.  These  environmental  tests  Included  shock,  vibration 
(slnosoldal  &  random),  temperature,  temperature  shock,  humidity,  pressure  drop, EMC  and 
1 ightnlng. 

The  first  flight  tests  were  performed  during  the  development  phase  using  a 
Merlin  IV  twin  turboprop  engine  aircraft.  During  these  early  flight  tests  the  adequate 
performance  of  the  K-273  gyroscope  and  the  selected  system  mechanization  was  verified. 

The  principle  flight  test  Installation  Included  an  Inertial  Navigator  as  attitude 
and  heading  reference,  a  tape  recorder  and  the  appropriate  aircraft  avionic  to  provide 
the  LTR-81  with  air  data,  magnetic  heading  and  VOR/OHE  signals. 

Airbus  provided  a  specifically  equipped  A  300  B  4  aircraft  with  the  necessary 
equipment  Installed  for  all  kinds  of  flight  tests  required.  As  an  Inertial  reference  a 
LTN-72  was  used.  Before  however  the  system  could  be  installed  In  the  test  aircraft 
(ship  003)  extensive  laboratory  tests  at  SNIAS  were  carried  out.  At  this  laboratory 
for  example  the  AHRU  could  be  Integrated  with  actual  aircraft  avionics  like  the  air  data 
system  and  actual  static  and  dynamic  pressure  changes  could  be  exercised.  Thus  a  very  good 
verification  of  the  baro-lnertial  loop  could  be  performed  and  software  adaptations  to 
specific  signal  characteristics  of  the  actual  aircraft  avionics  were  easily  possible. 

After  being  installed  In  ship  003  the  AHRS  was  tested  under  normal  and  emergency  conditions 
In  the  “Normal-06-  and  Basic  Mode*.  The  system  was  Installed  during  Pilot  Training  exerci¬ 
sing  “Touch  and  Go's*  and  other  abnormal  maneuvres  with  recordings  taken  for  AHRS  evalua¬ 
tion  purposes.  Typical  flight  test  recordings  are  presented  in  Figure  14, 

More  flight  test  recordings  are  to  be  found  in  /3/, 

Following  certification  for  A  300  B  4  FFC  Installation  a  flight  test  campaign  was 
performed  In  September  1932  st  tha  OFVLR  (Deutsche  Forschungs-  und  Versuchsanstalt  fuer 
luft-  und  Raumfahrt)  in  Braunschweig,  The  flight  test  was  part  of  a  contract  wltn  the 
BHFT  (Bundesmlnisterlum  fuer  Forschung  und  Teehnologle) .  The  available  test  bed  was  a 
Hornier  00-28  aircraft  equipped  with  a  Carousel  IV  as  attitude  and  heading  reference, 
VOR/OHE  receivers  and  air  data  equipment.  Due  to  flight  safety  regulations  the  MSU  had  to 
be  Installed  within  the  aircraft's  cabin  and  therefore  no  undisturbed  location  could  be 
found.  After  calibration  the  residual  north-south  error  component  was  smaller  than 
♦/-  1  degree  but  the  cast-west  residual  error  component  was  as  high  as  2,5  degrees. 

Typical  flight  test  recordings  are  presented  In  Figu»a  15.  More  recordings  to  be  found  in 

/!/. 


It  should  be  noticed  that  in  evaluating  INS  heading  versus  AHRS  heading  one  must 
take  the  local  magnetic  variation  and  time  delays  caused  by  output  filtering  Into  con¬ 
sideration. 

The  flight  tests  carried  out  with  Airbus  Industr tes/SNlAS  and  OFVLR,  the  labora¬ 
tory  tests  at  SMAS  and  the  environmental  tests  demonstrated  that  the  LTR-81  meets  or 
exceeds  the  ARINC  70S,  00-178,  00-160  A  and  Airbus  Industr les/SNIAS  requirements. 

Comparing  the  flight  test  recordings  achieved  during  A  300  8  4  and  00-28  flight 
tests  with  simulation  results  presented  in  Figures  16-18  it  can  be  seen  that  simulation- 
and  flight  test  results  match  very  well.  This  gives  good  confidence  in  the  simulation 
repertoire  developed  at  LITEF, 

Flight  tests  with  McOcnnel  Douglas  started  in  March  1983  using  a  OC-9  aircraft 
(ship  909),  Many  flight  test  hours  have  been  accumulated  in  the  OC-9  and  Merlin  aircraft 
until  the  certlf icatlon  flight  was  performed  in  a  production  H0-3G  aircraft. 

Unfortunately  flight  test  results  from  HcOonnet  Douglas  are  only  available  In  form 
of  listings.  Records  like  the  ones  from  SH1AS  and  OFVLR  are  not  yet  available  for  publi¬ 
cation. 


The  accuracy  of  aircraft  motion  signals  (P,8,R,0,V,i)  could  not  be  evaluated 
during  flight  tests  due  to  the  lack  of  appropriate  reference  systems.  These  parameters 
have  been  extensively  tested  during  the  dynamic  system  performance  verification  tests 
carried  out  at  LITEF,  SNIAS  and  APO, 
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Figure  18  Simulation  Results  (Heading  Error} 
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